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SUMMARY 
An analysis of a Stagnation point e l e c t r o s t a t i c probe theory and 
a study of two e lec t rophi l i c Compounds i s presented. The analysis of 
Lees, for Stagnation point flow, was coupled with an e l e c t r o s t a t i c probe 
equation and a sheath thickness equation, derived herein, to produce an 
e l e c t r o s t a t i c probe theory which i s applicable to a plasma containing 
negative ions. This theory was experimentally evaluated to determine 
i t s ab i l i t y to predict the free stream propert ies of a flowing argon 
plasma. This e l ec t ro s t a t i c probe theory was also used to evaluate the 
e lec t roph i l i c propert ies of sulphur hexafluoride and of uranium hexa-
fluoride. 
The e l e c t r o s t a t i c probe theory was evaluated for a plasma enthalpy 
4 4 
ränge of 4 x 10 k-cal. /kg.-mole to 9 x 10 k-cal . /kg.-mole and a pres-
sure ränge of 15 mm. Hg. to 45 mm. Hg. For a l l of the enthalpies and 
pressures studied, the e l e c t r o s t a t i c probe theory was able to predict 
the free stream Stagnation temperature to within an accuracy of 20 per-
cent. The ab i l i t y of the theory to predict the free stream ionization 
levels could not be evaluated because of ion recombination in the bound-
ary layer of the e l ec t ro s t a t i c probe. However, i t was possible to 
determine the posi t ive ion recombination coefficient of argon for a 
temperature ränge of 6,600°K to 8,500°K. 
Sulphur hexafluoride was found to be an effective e lec t rophi l i c 
Compound and the electron capture cross section of sulphur hexafluoride 
was determined for a temperature ränge of 6,500°K to 9,000°K. Sulphur 
hexafluoride was also found to be effective in increasing the rate of 
positive ion recombination in an argon plasma. 
The addition of sulphur hexafluoride to the plasma made it 
possible to extend the usefulness of the electrostatic probe theory. 
Under many test conditions, the electron currents to the electrostatic 
probe are too large to permit an accurate analysis of the plasma proper-
ties. By adding a measured amount of sulphur hexafluoride, or any 
other electrophilic material whose properties are known, the electron 
currents can be reduced by a known amount. If a sufficient reduction 
of electron current can be achieved, the plasma can then be analyzed. 
Uranium hexafluoride was evaluated at a lower temperature than 
was sulphur hexafluoride and its electron capture cross section could 
not be determined. The data indicated, however, that uranium hexa-
fluoride is at least as effective as sulphur hexafluoride as an electro-
philic Compound and also in increasing the rate of positive ion recombi-




In recent years, there has been a great deal of interest in 
plasma diagnostics. One of the simplest diagnostic tools that has been 
used is the electrostatic probe. An electrostatic probe is merely an 
electrode which is placed within the plasma and which can be biased to 
any desired electrical potential with respect to the plasma. The cur-
rent collected by the electrode is a function of the potential and can 
be used to determine the electron and ion temperatures and number 
densities. Most of the analytical work concerning electrostatic probes 
has been with cylindrical or spherical probes whose diameter has been 
less than the mean free path of the charged particles contained within 
the plasma. Consequently the electrostatic probe has been useful mainly 
with low density plasmas and its application to high density plasmas has 
been difficult. 
In addition, all but a very few workers have assumed that only 
two species of charged particles existed within the plasma, i.e., only 
positive ions and electrons. Little serious attention has been paid to 
the cases in which negatively charged ions form a significant part of 
the flow. 
In the past decade, however, interest has developed in studying 
plasmas of moderate density in which negative ions are a significant 
component of the negative particles. Those negative ions either occur 
naturally or are formed in the flow when a substance is deliberately 
2 
injected to absorb some or a l l of the electrons. 
Plasmas containing negative ions are especially important in 
studies of reentry conditions. The heat shields of many reentry 
vehicles are composed of certain ablating substances, such as Teflon, 
which introduce negative ions into the boundary layer and thus change 
the current-voltage charac ter i s t ics of an e l ec t ro s t a t i c probe placed 
within the boundary layer. Any study of th is type of reentry plasma 
using e l e c t r o s t a t i c probes placed within the boundary layer must take 
these negative ions into account. 
Also, during part of the reentry, the vehicle i s sheathed in a 
plasma which normally contains large numbers of free e lect rons . Within 
the plasma, these electrons are suff ic ient ly mobile to absorb radio 
Signals and thus prevent communication with the vehicle during part of 
the reentry phase of the f l igh t . If an e lec t rophi l ic Compound i s in-
jected into the plasma, many of these electrons wil l be absorbed and 
thus the number of free electrons will be reduced. If enough electrons 
can be absorbed, then communication with the reentering vehicle i s poss i -
ble . Any study of the effectiveness or electron absorption ra te of these 
e lec t roph i l i c Compounds will require an analysis of a plasma containing 
negative ions. 
One further use of plasmas containing negative ions arises from 
one of the d i f f i cu l t i e s with the use of the e l e c t r o s t a t i c probe. In a 
plasma with a high free electron concentration, the e l ec t r i ca l current 
at the probe can be so high as to damage the probe and, by depleting 
the electron concentration near the probe, cause d is tor t ion in the 
probe's current-voltage charac te r i s t i c . The probe then yields 
3 
inaccurate Information about the plasma. If an electrophilic Compound 
is added to the plasma, then these high electron current levels can be 
reduced, thus reducing or eliminating the distortion of the current-
voltage characteristic. If, further, this addition of electrophilic 
material does not alter the plasma properties, such as temperature and 
density, then these properties can be determined to a greater degree of 
accuracy. One major advantage to the reduction of the electron current 
is that, if the current can be reduced enough, the ion temperature can 
be determined directly from the current-voltage characteristic rather 
than being deduced from the floating potential. The floating potential 
is defined as the potential, relative to the potential of the plasma, at 
which no net current flows to the probe. It is a function of the ion 
and electron temperatures as well as the ion and electron concentrations 
and energy distribution functions. Because of the greater complexity in 
determining its value, the error in determining the ion temperature is 
normally greater than is the error in determining the electron tempera-
ture. In addition, the value of the plasma potential is normally diffi-
cult to determine because of the distortions to the current-voltage 
characteristic caused by the high electron currents. This introduces 
additional errors into the determination of the ion temperature. An 
electrostatic probe theory which can be used when the plasma contains 
negative ions could thus improve the accuracy to which the plasma condi-
tions can be determined. 
A theory which will allow an analysis of this type of plasma was 
developed and evaluated experimentally in this research. 
Background and Review of Recent L i t e r a t u r e 
The var ious types of e l e c t r o s t a t i c probes have been t r e a t e d ana-
l y t i c a l l y by many au tho r s . In the e a r l y t w e n t i e s , Langmuir and h i s co-
workers developed the o r i g i n a l e l e c t r o s t a t i c probe t h e o r i e s and under-
took much of the e a r l y r e sea r ch . Langmuir confined h imsel f to the case 
in which the plasma was at low p r e s s u r e , where c o l l i s i o n s between plasma 
p a r t i c l e s could be n e g l e c t e d , and in which the re was no l a rge sca le 
motion of the plasma. He was ab le to develop a r e l a t i v e l y simple and 
s e l f - c o n s i s t e n t theory which s t i l l forms the b a s i s of a l l cons ide ra t i ons 
in regard to probes . 
During the l a s t fo r ty y e a r s , the exper imental techniques and the 
theory of probes have been r e f ined by many workers . A number of t heo -
r e t i c a l i n v e s t i g a t i o n s d e a l t with the d i s tu rbance of a plasma by a 
p robe , and in p a r t i c u l a r with the t r a n s i t i o n region between the space 
2-7 
Charge shea th surrounding a probe and the und is tu rbed plasma. Of 
s p e c i a l importance have been the a t tempts to extend the Langmuir probe 
theory to high p r e s s u r e s . * ' The probe ana ly s i s for these high 
p re s su re plasmas has been e x t r a o r d i n a r i l y complicated and of ten the r e -
s u l t s cannot be appl ied d i r e c t l y to the exper imenta l ly determined charac 
t e r i s t i c s . While Langmuir 's theory can be der ived from mechanical con-
se rva t i on laws ( i . e . , angular momentum and energy) and P o i s s o n ' s equa-
t i o n , the t h e o r i e s for h igher p re s su re s r e q u i r e a d d i t i o n a l knowledge of 
Parameters such as m o b i l i t i e s , d i f fus ion c o n s t a n t s , and i o n i z a t i o n 
f r equenc ie s . Furthermore, these parameters depend in a r a t h e r compli-
cated way on q u a n t i t i e s such as the e l e c t r i c a l f i e l d s t r e n g t h and the 
v e l o c i t y d i s t r i b u t i o n s of plasma p a r t i c l e s which vary abrup t ly in the 
5 
vicinity of the probe. 
Efforts were also made to adapt the Langmuir probe theory to the 
case of a flowing plasma. The mass motion of the plasma relative to 
the probe again complicated the probe theory. At very high plasma 
velocities relative to the probe, it was possible to ignore the thermal 
motion of the ions and assume that only the electrons had a velocity 
distribution. However, at lower velocities, the ion motion had to be 
taken into account and this complicated the probe theory. 
12 
In an effort to eliminate some of these difficulties, Talbot 
developed a theory for the use of a Langmuir probe placed at the Stag-
nation point of a blunt body immersed in the flow. Talbot's theory was 
13 
based upon the work of Lees who formulated the equations for Stagnation 
point flow at high temperatures. Talbot assumed that the Stagnation 
point flow field was adequately described by Lees' equations, and that 
the Langmuir theory for the electrostatic probe was sufficiently accur-
ate to enable him to determine the plasma conditions at some point within 
the Stagnation point boundary layer. Then, by use of the flow equations, 
the plasma conditions within the undisturbed flow could be determined. 
Talbot did not assume that there were any negative ions present within 
the plasma. 
14 Grey and Jacobs performed experiments with a water-cooled 
e l e c t r o s t a t i c probe to evaluate the ab i l i t y of Talbot 's theory to measure 
local electron temperature, electron density, f loating po ten t i a l , and 
Saturation current r a t io in dense plasmas. The measurements of electron 
temperature were compared with temperatures obtained from simultaneous 
local measurements of to ta l plasma enthalpy under conditions of known 
6 
equilibrium by use of a calorimetric probe technique and were found to 
be in agreement within normal experimental error (3% Standard deviation 
from the mean). Using this electron temperature, the measurements of 
floating potential and Saturation current ratio were found to agree with 
a first-order theoretical approximation to within the accuracy of the 
approximation. No experiments were run in which negative ions were 
present in the plasma and Grey and Jacobs were unable to determine the 
free stream plasma temperature through the use of the electrostatic 
probe. 
Purpose of the Research 
While the electrostatic probe has been in use for many years, its 
use has generally been restricted to low density plasmas whose velocities 
relative to the probe have been either very low or eise very high. No 
readily usable theory for medium to high density plasmas with moderate 
flow velocities and which contain negative ions has previously been 
developed and experimentally evaluated. An important purpose of this 
research was to extend existing theories regarding the effects of nega-
tive ions, and thus to extend their ränge of applicability, and to 
experimentally evaluate the results. An additional purpose of the re-
search was to evaluate the electrophilic properties of sulphur hexa-
fluoride and uranium hexafluoride. Sulphur hexafluoride is known to be 
an electrophilic Compound and has been proposed as an additive to reduce 
the electron number density in plasmas. Uranium hexafluoride has been 
suggested as the uranium carrying Compound in gas core nuclear reactors. 
These reactors are expected to use magnetrohydrodynamic generators as 
part of the generating process. Since these generators require high 
7 
electron densities in order to be efficient, the electrophilic proper-
ties of uranium hexafluoride are of interest. 
The research program included an analytical extension of Talbot's 
theory to include the presence of negative ions and an experimental 
evaluation of the extended theory. The effects of the plasma pressure 
and enthalpy with the associated changes in ionization percentage, 
plasma density, and plasma temperature were investigated. 
The ability of the extended theory to measure plasma temperatures 
and ionization percentages was evaluated by comparing the values for 
these parameters determined by reducing electrostatic probe measurements 
with the new theory to the values for these parameters indicated by a 
thermodynamic analysis of the flow. The analysis was performed for cases 
in which no negative ions were present and also for cases in which the 
negatively charged particles consisted almost entirely of negative ions. 
The plasma conditions predicted by the theory agreed with those 
of the thermodynamic analysis to within the limits of the experimental 
error. This agreement was considered to be sufficiently good to permit 
the use of the theory to examine the electrophilic properties of sulphur 
hexafluoride and uranium hexafluoride. The degree of free electron re-
duction with increasing additive concentration was examined for both 




STAGNATION POINT FLOW THEORY 
An electrostatic probe will only determine the plasma conditions 
at the edge of the probe sheath, while the desired properties are those 
of the free stream. For probes whose size is comparable to the mean 
free path in the plasma, this is not a problem since probes of this size 
do not produce significant perturbations in the plasma. However, for 
significantly larger probes the effects of the thermal and viscous 
boundary layers on the probe are important and the results produced by 
the electrostatic probe must be corrected for these effects. This chap-
ter presents the Stagnation point flow theory used in this research. 
As shown in Figure 1, the subsonic flowfield around the probe is 
divided into three regions. These are the inviscid flow, boundary layer, 
and sheath regions. The equations for the boundary layer region are pre-
sented in this chapter. The formulation of the boundary layer equations 
12 13 
is based upon the works of Talbot and of Lees. 
Assumptions 
The problem of Stagnation point flow in a plasma is complicated 
but i t can be simplified i f the assumptions are made that (a) completely 
frozen flow exis ts throughout the boundary layer and (b) ambipolar dif-
fusion exis ts outside of the sheath. 
Frozen Flow Assumption 





BOUNDARY LAYER EDGE 
N. 
T - • x 
Figure 1. Probe Tip 
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the time required for an ion or electron to pass through the boundary 
layer to the time required for pa r t i c l e react ions . These reactions are 
electron-posi t ive ion recombination, negative ion formation, and nega-
t ive ion deionization. The electron-posi t ive ion recombination reaction 
14 15 has been checked by Grey and Jacobs ' for the case of an argon plasma 
at 1 atmosphere pressure. All possible recombination mechanisms were 
considered and i t was concluded that the charac te r i s t i c recombination 
times were considerably greater than the electron or ion t r a n s i t times 
within the boundary layer for a l l temperatures below 11,000°K. The re-
combination time is a function of pressure and temperature and varies 
inversely with the temperature and the Square or cube of the pressure 
depending upon whether the recombination process i s a two- or three-body 
col l is ion process. Consequently, for pressures that are less than 1 
atmosphere, the temperature l imit of 11,000°K can be raised somewhat. 
In addition to the work done by Grey and Jacobs, Talbot has shown 
that the time, t , required for an electron or ion to t ravel through the 
Stagnation point boundary layer is given by 
t = L2§. (2-i) 
3 
where 3 is the dimensional boundary layer pressure gradient parameter 
given in Appendix A as 
for subsonic flow. In Equation (2),* D is the probe diameter, pQ and 
p are the Stagnation point pressure and density respectively, and p is 
o ^ 
the free stream static pressure. Talbot has also shown that the equation 
for ion recombination within the boundary layer is 
n. 
(2-3] 
n._ 1 + a n.0t i2 r i2 
whe re n. is the ion number density after time t, n-2 is the ion number 
density at the boundary layer edge, and a is the recombination rate 
constant. 
The correct value of a for argon is subject to considerable 
uncertainty. Table 6.4 of Loeb gives values ranging from 1.1 x 10 
cm /sec to 2.5 x 10 cm /sec. Recently, Maxwell and Wessling de-
veloped an analytical approximation to the recombination coefficient of 
hydrogen which was valid for an optically thin plasma when the electron 
concentration varied between 10 cm and 10 cm and when the elec-
3 3 
tron temperature varied between 2 x 10 °K and 16 x 10 °K. Maxwell and 
Wessling noted that at the higher electron concentrations their results 
would be approximately valid for argon. For the present test condi-
tions, the results of Maxwell and Wessling give values for a ranging 
between 10 cm /sec and 10 cm /sec, the ion and electron concen-
14 -3 — 5 
trations were of the order of 10 cm and 3 was of the order of 10 
sec . Using the conservative value for a of 
*Unless especially noted, all references to equations in this 
dissertation are to equations within the same chapter as the reference. 
OL = 10" 1 0 cm3/sec (2-4) 
r 
the ratio of n. to n.0 becomes 1 i2 
n. 
— = 0.91 (2-5) 
ni2 
indicating that the e lectron-posi t ive ion recombination process is very 
nearly frozen. 
When e lec t rophi l ic additives are present in the plasma, the times 
of negative ion formation and deionization must also be large compared 
to the time of ion diffusion through the boundary layer in order to 
jus t i fy the frozen flow assumption. The ra te of formation of negative 
ions is given by 
dn 
X = K n n (2-6) 
dt e a v J 
where n , n , and n are the negative ion, electron, and unionized n e a 
additive number densities respectively, and K is the reaction rate con-
stant. As negative ions are formed, the additive number density de-
creases such that 
n = n - (n - n ) (2-7) 
a ao eo e 
where n and n are the initial additive and electron number densities ao eo 
respectively. Substituting Equation (7) into Equation (6) and noting 
that 
n = n - n + n (2-8) 
n eo e no *• J 
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y ie ld s 
-K 
n - n , 
n no 1 - e 
n - n 
ao eo 
n . 0 i 2 
n. _t i 2 
eo -K 
rn - n i 
ao eo 
, eo 
1 - e 
n ao 




where n i s the i n i t i a l nega t ive ion number d e n s i t y . In the boundary 
l a y e r , t i s given by Equation ( 1 ) . For the experiments performed in 
the p r e s e n t i n v e s t i g a t i o n in which nega t ive ions were p r e s e n t in the 
plasma, t y p i c a l sheath edge condi t ions were 
i n 1 3 -3 n . 0 = 10 cm , i 2 
m 5 - 1 
= 10 sec , 
(2-10) 
(2-11) 
n = n = 5 x 1 0 cm no eo (2-12) 
and 
n = 2 x 10 cm ao (2-13) 
Tfye parameter K i s given by 
K = c o e a (2-14) 
where o i s the e l e c t r o n attachment cross s e c t i o n and c i s the average a e 
e l e c t r o n thermal speed which i s given by 





where T i s the e l e c t r o n t empera tu re , k i s the Boltzmann cons tan t 
e 
given by 
k = 1.38 x 10" 1 6 erg/°K (2-16) 
and m i s the mass of an e l e c t r o n given by 
m = 9.1 x 1 0 " 2 8 gm . (2-17) 
For the p resen t exper iments , a t y p i c a l value for the e l e c t r o n tempera-
tu re i s 12,000°K which, from Equation (15) , gives an average e l e c t r o n 
thermal speed of 
c" = 6 x 107 cm/sec . (2-18) 
The value for o for su lphur hexaf luor ide i s h igh ly dependent upon the a 
a t t a c h i n g e l e c t r o n energy and i s subjec t t o some u n c e r t a i n t y . Asundi 
Ar 1 8 • i * • u + i n " 1 5 2 A i n " 1 9 2 
and Craggs give values for o varying between 10 cm and 10 cm 
a 
for e l e c t r o n energ ies varying between 0 and 2 e l e c t r o n - v o l t s . For an 
e l e c t r o n energy of 1 e . v . (corresponding to an e l e c t r o n temperature of 
-17 2 12,000°K), Asundi and Craggs give a value of 10 cm for o . Using 
a 
t h i s v a l u e , the parameter K becomes 
K = 6 x 10" 1 0 cm3 /sec (2-19) 
and Equation (9) y i e l d s 
" " n " "
n 0 = 0.17 . (2-20) 
eo 
This indicates that only 17 percent of the free electrons at the sheath 
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edge are absorbed by the electrophilic additive and hence the negative 
ion formation process is very nearly frozen. 
In order for the negative ions to be in equilibrium in the plasma, 
the rate of negative ion deionization must be equal to the rate of nega-
tive ion formation. Thus, if the boundary layer is frozen to negative 
ion formation, it will also be frozen to negative ion deionization. 
Ambipolar Diffusion Assumption 
The ambipolar diffusion assumption arises from the requirement 
that the plasma maintain Charge neutrality in the absence of an external 
electric field. This assumption of plasma neutrality can only be met if 
the positively and negatively charged particles diffuse through the plasma 
at the same rate. If this were not the case, a Charge inbalance would 
occur within the plasma. This would create an electric field which, by 
affecting the diffusion rates, would restore the Charge balance. The 
ambipolar diffusion rate is determined from the individual particle 
fluxes as follows. 
The positive ion flux rate, j., is given by 
dn. , . 
j. = - D. -j-i- - u.n. ^i (2-21] 
1 I dx I l dx ^ J 
where u. is the positive ion mobility, D. is the positive ion diffusion 
coefficient, (J) is the electric potential caused by charge Separation, 
and the positive ions are assumed to diffuse in the x-direction. The 
negative particle flux rates are given by 
dn _ , , 
e e dx e e dx < ~ J 
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f o r t h e e l e c t r o n s and 
n n — dcp 
I = - D - 3 — + y n -p-
n n dx n n dx 
(2-23) 
f o r t h e n e g a t i v e i o n s . 
M u l t i p l y i n g E q u a t i o n (21) by y" n (d(J)/dx) + y n (d(J)/dx) and 
m u l t i p l y i n g E q u a t i o n s (22) and (23) by y".n. (d<j)/dx) and a d d i n g t h e r e -
s u l t s g i v e s 
j . ( y n + y n ) + ( j + j ) y . n . = 
I e e n n J e J n J K i I 
dn. 
- D. -r-i- (y n + y n ) (2 -24) 
l dx e e n n 
dn 
- D - 3 — y . n . 
e dx l i 
dn 
n - D -r^- y . n . . 
n dx l i 
S i n c e t h e p o s i t i v e l y and n e g a t i v e l y c h a r g e d p a r t i c l e s d i f f u s e a t t h e 
same r a t e 
h = J e + j n 
(2-25) 
and E q u a t i o n (24) becomes 
dn. 
D. —— (y n + y n ) 
e e n n i dx 
dn 
D - 5 — y . n . 




- 5 — y . n . 
n dx l i (2-26) 
y n + y n + y . n . 
e e n n I 1 
S i n c e t h e p l a s m a r e m a i n s n e u t r a l , 
n = n . - n = 









and, i f i t i s assumed t h a t n / n . i s a cons t an t , Equation (26) becomes 
D. 
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- D u . | l - -5L 
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Since the three types of charged particles diffuse through the plasma 
at the same rate, they can be treated as groups of particles diffusing 
through the plasma at a rate, j , given by 
o 
dn 
j = - D -=-& J e a dx 
(2-29) 
where n is the group number density given by 
o 
n = n. 
ß i 
(2-30) 
and D is the particle group diffusion coefficient known as the ambi-
et 
p o l a r d i f fus ion c o e f f i c i e n t . S u b s t i t u t i n g Equation (30) i n t o Equation 
(29) and no t ing t ha t 
J g = J i 
(2-31) 
y i e l d s 
dn. 
j - = " D l 1 J i a dx (2-32) 






— n + M — n n. 
U 
+ D y. 
e 1 
n ^ 
1 - -i 
n 
n — 
+ D — y. 
n n. I 
I 
1 -




— n — 
+ y — + y. 
n n. I 
I 
(2-33) 
for the ambipolar diffusion coefficient. 
Boundary Layer Equations 
The derivation of the boundary layer equations is, with certain 
exceptions, the work of Lees and Talbot and, as the method of derivation 
is well known, it will not be presented here. For the benefit of the 
reader, however, the complete derivation is presented in Appendix A. 
With the assumptions of frozen flow and ambipolar diffusion, the 
boundary layer outside of the sheath surrounding the collecting electrode 
may be treated as a mixture of neutral molecules and particle groups com-
posed of positive ions, negative ions, and electrons. These charged 
particles diffuse relatively to the neutral gas at a rate determined by 
Equation (29). 
The charged particle group comcentration is defined as 
p. + p + p 
I n e 
m.n. + m n + m n 
l i n n e e 
m.n. + m n + m n + m n 






n. + — n 




n. + — n + n 




where m and n are the uncharged plasma particle masses and number 
densities. Starting with the customary boundary layer conservation 
equations for steady, frozen, axiSymmetrie flow which are 
Charged particle concentration 
3c 3c 







Cont inu i ty 
4 (PU*) + iy (p™) = o (2-37) 
Momentum 
3u du 
pu TT— + pv T— 
3x 9y 
^1 _L f *± 
dx + 3y [y 3yJ 
(2-38) 
Energy 
9h 3h pu ^ - + p v , 








where the s u b s c r i p t 2 denotes condi t ions in the flow ou t s ide of the 
boundary l a y e r , X i s the c o e f f i c i e n t of thermal c o n d u c t i v i t y , and h 
i s the s t a t i c en tha lpy , i t can be shown t h a t the equat ions for the S t ag -
na t ion enthalpy and charged p a r t i c l e concen t ra t ion in the region near 
the probe sur face are given by 
_ V 3 
g(n) = 0.50 o n (2-40) 
and 
20 




dn . (2-41) 
In Equations (40) and (41), S is the Schmidt number, o is the Prandtl 
number, £ is the Blasius function, n is a dimensionless coordinate given 
by 
U2 fy 




s = P2u y x dx , (2-43) 





is the ratio of the Stagnation enthalpy at r] to the Stagnation enthalpy 
in the free stream. 
At the Stagnation point of a blunt body 
u2 = yx (2-45) 











If the value of n is small and if the ion group concentration in the 
boundary layer is small, then 
P(n) 
—1/3 
:(n) = 0.50 ox/° n 
(2-48) 
and Equation (47) becomes 
n 1Q -1/3 f
y 2 ] 1 / 2 2 y = 0.18 o l - ^ A n , 
tp2ßj 
(2-49) 
where 3 is given by Equation (2). 
Use of the Boundary Layer Equations 
These Stagnation point boundary layer equations are used in con-
junction with an electrostatic probe theory, which will be developed 
later, to determine the free stream plasma properties in the following 
manner. By assuming that the specific heat, c , is constant within the 





where T and T are the temperature at r\ and the free s tream Stagnat ion 
I | L« 
temperature respectively. Thus, once the plasma temperature at the 
sheath edge is determined, the free stream Stagnation temperature can be 
determined from 
T 
T? = — 1 - (2-51] 
g(V 
where n is the value of r\ corresponding to the sheath thickness, d, 
and is calculated from Equation (49) once the sheath thickness has been 
determined. The positive ion temperature, but not necessarily the 
electron temperature, can be assumed to be equal to the plasma tempera-
ture at the sheath edge and thus the free stream Stagnation temperature 
can be determined from Equation (51) , if an appropriate electrostatic 
probe theory can be used to calculate the ion temperature at the sheath 
edge and also to calculate the sheath thickness. 
In the electrostatic probe theory, to be presented in Chapter III, 
the average thermal speed of the positive ions at the sheath edge is 
given by 
c(nt) = 




where k is the Boltzmann constant and m. is the mass of a positive ion. 
In addition, the positive ion Saturation current, j., is given by 
j\ = }n.ec(n.) (2-53) 
where e is the electronic Charge and n. is the positive ion number 
density at the sheath edge. Since the probe theory will permit the 
calculation of the sheath edge ion temperature directly from the current 
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voltage characteristic, Equations (51) through (53) can be used to deter-
mine the free stream Stagnation temperature, T , and the sheath edge ion 
number density, n.. With the temperature at the sheath edge known and 
the Stagnation pressure determined by some method such as a pitot tube, 
the total particle density at the sheath edge can be determined and hence 
the positive ion concentration, c., at the sheath edge. Equation (41) 
can then be used to determine the free stream positive ion concentration 
if c'(lj is known. As noted previously, one of the assumptions of the 
derivation was that the flow was chemically frozen in the boundary layer. 
Also, one of the assumptions of the electrostatic probe theory is that 
the probe surface removes a negligible amount of charged particles from 
the plasma. To be consistent with these two assumptions, there should 
be no ion concentration gradients in the probe boundary layer outside of 
the plasma sheath and thus in Equation (41) 
c»(nd) = 0 (2-54) 
and consequently the species concentration equation becomes 
c2 = c(nd) . (2-55) 
The electrostatic probe theory permits the calculation of the 
electron temperature from the current-voltage characteristic and the 
electron number density from the electron Saturation current. Since 
the relaxation time for electron cooling is much 1 arger than the 
electron transit time through the boundary layer, the electron tempera-
ture at the sheath edge is equal to the electron temperature in the 
free stream. Also, since Equation (55) holds for the electrons as well 
as the positive ions, the electron concentration at the sheath edge is 
equal to the electron concentration in the free stream. 
The negative ion temperature and concentration at the sheath edge 
can be determined from the electrostatic probe theory, and again Equation 
(55) permits determination of the free stream negative ion concentration. 
Thus the electrostatic probe theory can determine the positive 
ion, negative ion, and electron number densities and temperatures at 
the sheath edge, and the free stream Stagnation temperature and charged 
particle concentrations can be determined from Equations (51) and (55). 
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CHAPTER III 
ELECTROSTATIC PROBE THEORY 
The electrostatic probe theory used in the present work was, with 
one modification which will be dealt with below, the theory of Hung and 
19 
Paquette which is the basic Langmuir theory for a collisionless plasma 
modified for the case of a plasma containing negative ions. This theory 
was chosen because of its simplicity and ease of application. In addi-
12 
tion, as Talbot notes, for the Langmuir theory, this theory may be 
more accurate than the more complex theories in the present application. 
The theory of Hung and Paquette is presented briefly in this chapter and 
is described in greater detail in Appendix B. 
Theory of Hung and Paquette 
In the present theory, the current density, j, of the charged 
particles crossing the sheath edge is assumed to be given by 
en. c. Z. 
, _ i,e,n i,e,n i,e,n , . 
Ji,e,n " 4 ^ J 
where the subscripts i, e, and n indicate the positive ion, electron, 
and negative ion properties respectively, n is the particle number 
density, c is the average particle thermal speed, e is the electronic 
charge, and Z is the Charge number. The current-voltage characteristic, 
shown in Figure 2, can be separated into four regions. These are the 
strongly negative, strongly positive, slightly negative, and slightly 
positive voltage regions. 
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— SLIGHTLY POSITIVE PROBE VOLTAGE REGION 
I—STRONGLY POSITIVE • 
PROBE VOLTAGE REGION 
Figure 2. Current-Voltage Characteristic 
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Strongly Negative Voltage Region 
The strongly negative probe voltage region i s the case for which 
cf) < 0, and |<j)|e >> kT where $ is the probe po ten t i a l , k i s the Boltz-
mann constant, and T i s the electron temperature. In th i s case only 
posi t ively charged ions are collected by the probe, and the current 
density, known as the posi t ive ion Saturation current , is 
i . i . en. c. 
1 1 1 1 rx ^^ 
1 W 
where i . i s the probe current and A. i s the sheath area which i s very 
i ^ i 
nearly equal to the probe t ip area, A , i t s e l f since the sheath thick-
ness is small compared to the probe t ip diameter. 
Strongly Posit ive Voltage Region 
The strongly posi t ive probe voltage region is the case in which 
cf) > 0 and |<J>|e » kT. and only electrons and negative ions are collected 
by the probe. The negative current density, j , known as the nega-
t ive p a r t i c l e Saturation current , i s given by 
i i + i 
e,n e n e , — — . , 7 7> 
J = . ' = r = - 7 n c + n c ) . (3-3) 
J e , n A A 4 e e n i r 
w w 
Slightly Negative Voltage Region 
The s l igh t ly negative probe voltage region is the case in which 
cj) < 0, but |(J>|e i s of the order of kT . All of the posi t ive ions dif-
fusing into the sheath are collected; and, in addition, those electrons 
and negative ions diffusing into the sheath and having k ine t ic energies 
in excess of |<J>|e are also collected. The net current density i s thus 
J = Ji J e J n 
n. c. 
1 1 
— r e U K — f e UK 
n e c e e x P l- VT-J " V n e X p ^ kT J e n 
(3-4) 
The f l o a t i n g p o t e n t i a l , (j)f, i s defined as tl.e p o t e n t i a l a t which no n e t 
cur ren t f lows. I f t h i s p o t e n t i a l i s n e g a t i v e , then i t i s given by 
kT 
In 




n c n n - exp 
n c e e 
r ekfh 
1 kT ^ n ; 
(3-5) 
S l i g h t l y P o s i t i v e Voltage Region 
The s l i g h t l y p o s i t i v e probe vo l tage region i s the case in which 
0 > 0 and |<J)|e i s of the o rde r of kT. . All of the n e g a t i v e l y charged 
p a r t i c l e s d i f fus ing i n t o the sheath are c o l l e c t e d . In a d d i t i o n , those 
p o s i t i v e ions d i f fu s ing i n t o the sheath and having ene rg ie s in excess of 
|cj>|e are a l so c o l l e c t e d . The n e t cu r ren t dens i t y i s thus 
J = J i ^ + 
jn = T t i c i exp(" kT. 
I 
-) - n c J e e 
- n c . 
n nj (3-6) 





n c + n c 
• e e n n 
(3-7) 
Sheath Thickness Equation 
In the theory of Hung and Paquette, one of the major assumptions 
made is that the plasma sheath thickness is much less than the charged 
particle mean free path. This assumption simplifies the analysis and 
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results in positive and negative Saturation currents which are constants 
and thus independent of the probe potential. For continuum flows, how-
ever, this assumption is not valid and it has been experimentally ob-
served that both the positive and negative Saturation currents are func-
tions of the probe potential with the absolute value of the Saturation 
currents increasing with the absolute value of the probe potential. 
This change in Saturation current with probe potential is due to 
the growth of the plasma sheath into the probe boundary layer with in-
creasing probe potential magnitude. Since most sheath thickness equa-
tions have been derived for the case in which the mean free paths of 
the ions and electrons are greater than the sheath thickness, and the 
remaining equations either do not account for the presence of negative 
ions or require extensive computation, a new sheath thickness equation 
has to be derived. It is assumed that collisions within the sheath do 
not significantly effect the charged particle velocity distribution 
function and thus the theory of Hung and Paquette can still be used pro-
vided it is used with an appropriate sheath thickness equation. 
The derivation of the new sheath thickness equation extends the 
3 20 
general outline of the work of Cohen and of Toba and Sayano to ex-
press the sheath thickness as a function of the positive ion mean free 
path and to include the effect of the negative ions. The charged 
particle flux equations were integrated and the kinetic theory equations 
for the particle mean free paths and diffusion coefficients were substi-
tuted into the integrated equations to produce the sheath thickness 
equation. A detailed derivation of the sheath thickness equation is 
presented in Appendix C. When the probe potential is equal to the plasma 
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poten t ia l , the sheath thickness, d, i s given by 
d = 
1 - a + a + 1 
3TT 
)| — + 
Q, 
. m + m , 
*• p nJ 
(3-8) 
where m and m are the masses of the neutral particles and negative ions p n r & 
respectively, Q , Q., and 0 are the cross sections for collisions of 
the electrons, positive ions, and negative ions respectively with the 
neutral plasma particles, 
ot = (3-9) 
is the ratio of the negative ion number density to the positive ion 
number density at the sheath edge, 
T 
e = (3-10) 
is the ratio of the electron temperature to the ion temperature at the 
sheath edge, and A is the positive ion mean free path. 
Use of the Electrostatic Probe Theory 
As noted in Chapter II, the Stagnation point boundary layer 
equations permit the determination of the free stream plasma conditions 
once the conditions at the plasma sheath edge have been determined. The 
use of the electrostatic probe theory to determine the sheath edge 
conditions is described below. 
No Negative Ions in the Plasma 
When it is known that no negative ions are present in the plasma, 
the electron temperature can be determined from Equation (4). By sub-
tracting Equation (2) from Equation (4) and differentiating the loga-
rithm of the result with respect to cj), the equation for T becomes 
T = . ? ,. I . (3-11) 
e d £n|j | J 
d<j> 
Equation (5) can then be used to determine the ion temperature since 
c. /m T. 
±'/*r <3-»> 
c / l e 
e 
where m and m. are the masses of the electrons and positive ions e I r 
respectively. The positive ion number density, which is equal to the 
electron number density in this case, is then determined from Equation 
(2) where c. is given by 
/8kT. 
c, = ./ - ^ - • (3-13) 
I / TTm. 
l 
The pressure at the Stagnation point, p , is determined by some method, 
such as a pitot tube, and the total particle number density, n, at the 
sheath edge is determined from 
Po 
n = n + n. + n = rr=— (3-14) 
p l e kT. v J 
where n i s the neutral gas number density and T has been assumed 
p b J e 
equal to T. in this equation for simplicity. The magnitude of n is 
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is usually small compared to n and thus this approximation does not 
cause much error. The positive ion concentration at the sheath edge, 
c., is then determined from 
1 
n. n. 
c. - — = L _ . (3-15) 
I n - n n - n. 
Also, the ion mean free path is determined from 
X = i — • (3-16) 
/2 nQi 
Equation (8) with 
a = 0 (3-17) 
is then used to determine the sheath thickness, d. With the ion and 
electron temperatures and concentrations at the sheath edge known and 
the sheath thickness known, the Stagnation point boundary layer equa-
tions can then be used to determine the free stream conditions. 
Negative Ions in the Plasma 
When negative ions are present in the flow, the method of determi-
nation of the sheath edge properties is somewhat different. In this 
case the electron temperature can also be determined using Equation (11) 
This is due to the much greater mass of the negative ions as compared 
to the electrons and the consequent result that 
c K< c (3-18) 
n e 
and thus, in Equation (4), unless the electron number density is very 
much l e s s than the nega t ive ion number d e n s i t y , 
[ ellÜ n c exp e e r kT 
e ' 
>> V n ex? - ~Ft • (3"193 
The ion number density, however, can no longer be determined from 
Equation (5) unless the ratio of electrons to positive ions is known. 
Nearly Complete Electron Absorption. If the ratio of electrons 
to positive ions is not known, but the negative particle Saturation cur-
rent is comparable in magnitude to the positive ion Saturation current 
and can be measured accurately, then the ion temperature can be deter-
mined by subtracting Equation (3) from Equation (6) and differentiating 
the logarithm of the result. The positive ion number density can then 
be determined from Equation (2). Since 
n. = n + n , (3-20) 
l e n J 
and since the positive ion and negative ion temperatures should be 
approximately equal, then the electron and negative ion number densi-
ties can be determined from Equation (3) where 
/8kT 
c = / (3-21) 
e • Trm 
and 
/8kT 
c = / — 2 - - (3-22) 
n / um ^ J 
n 
The remainder of the analysis proceeds as before, with the exception 
that a is no longer equal to zero. 
Partial Electron Absorption. When the negative particle currents 
are too large to permit the use of Equation (6) to determine the posi-
tive ion temperature, one additional bit of Information is needed to 
solve for the plasma properties at the sheath edge. The nature of this 
additional bit of Information is dependent upon the type of plasma 
analysis being performed. For the type of analysis in which the ratio 
of electrons or negative ions to positive ions is known in the plasma, 
and hence also at the sheath edge, Equation (5) can be used to determine 
the positive ion temperature at the sheath edge. This is because the 
second term in the logarithm of Equation (5) is normally negligible 
compared to the first term. The analysis then proceeds as outlined 
above. This Situation would occur in a plasma in which an electro-
philic additive of known effectiveness had been added in order to re-
duce the electron concentration. This might be done in order to reduce 
damage to the electrostatic probe or distortion of the current-voltage 
characteristic caused by high electron Saturation currents. 
When the ratio of electrons to positive ions is not known, as 
would be the case when the effectiveness of an electrophilic additive 
is being analyzed, the additional Information must come from the free 
stream flow properties. The Solution is then reached by an iterative 
process. If, as would normally be the case, the known free stream 
property is the Stagnation temperature, the iteration process proceeds 
as follows. A ratio of electron number density to positive ion number 
density is chosen and Equation (5) is then solved for a sheath edge ion 
temperature. Equations (8), (14), and (16) are then used to determine 
a sheath edge thickness. The sheath edge temperature, the sheath 
thickness, and the Stagnation point boundary layer equations are then 
used to determine a free stream Stagnation temperature. This tempera-
ture is then compared to the known free stream Stagnation temperature. 
The ratio of electron number density to positive ion number density is 
then iterated until the calculated free stream Stagnation temperature 
equals the known temperature. Once the ion temperature at the sheath 
edge has been determined, the remaining sheath edge parameters are 
determined in the manner outlined above. 
CHAPTER IV 
EXPERIMENTAL TEST PROGRAM 
A test program was undertaken to experimentally evaluate the 
electrostatic probe theory presented in Chapter III. The test condi-
tions were chosen to approximate those of current interest such as 
those in a magnetohydrodynamic generator or in a reentry plasma. 
Test Conditions 
The most l ike ly use of a Stagnation point e l e c t r o s t a t i c probe 
would be to analyze a plasma flowing at supersonic speeds. In a l l flow 
s i t ua t ions , however, the probe i t s e l f would remain in a subsonic flow 
f ie ld because at supersonic free-stream speeds a normal shock wave 
would form in front of the probe and thus produce subsonic flow around 
the probe. Since the probe remains in subsonic flow for a l l free stream 
conditions, i t was decided to conduct the experimental t e s t s with the 
free stream plasma flowing subsonically. The choice of subsonic flow 
in the free stream made i t unnecessary to correct the free stream condi-
tions for the effect of the shock wave in front of the probe and thus 
eliminated possible sources of error caused by an inexact analysis of 
the effects of the shock. 
The s t a t i c pressure of the plasma was varied between 15 mm. Hg. 
and 45 mm. Hg. and the plasma free stream to t a l enthalpy was varied 
4 4 
between 4 x 10 k-cal./kg-mole and 6 x 10 k-cal./kg-mole with two 
4 4 
data points at 7 x 10 k-cal ./kg-mole and two data points at 9 x 10 
k-cal./kg-mole. At these pressures and enthalpies , the expected free 
stream ionizations varied from 0.024 percent to 3.6 percent , the ion 
-3 -2 
mean free path varied from 8.9 x 10 to 2.04 x 10 ' c m , and the sheath 
-2 -2 
thickness varied from 1.73 x 10 ' to 5.05 x 10 cm. Since the e lec t ro -
s t a t i c probe col lect ing electrode was 0.15 cm in diameter, the r a t io of 
ion mean free path to electrode diameter was approximately 0.1 and the 
r a t i o of sheath thickness to electrode diameter was approximately 0.2. 
During the experimental inves t iga t ion, the ra t io of the negative ion 
number density to the posi t ive ion number density was varied from 0 to 
essen t ia l ly 1 by the addition of measured amounts of sulphur hexafluoride 
and uranium hexafluoride. The sulphur hexafluoride number density varied 
from 0 percent to 0.46 percent of the argon number density and the 
uranium hexafluoride number density varied from 0 percent to 0.025 per-
cent of the argon number density. 
Experimental Apparatus 
A continuous flow plasma j e t f a c i l i t y , shown in Figure 3, was 
used for the experiments. The f a c i l i t y uses an L-500 Plasma Torch 
manufactured by Thermal Dynamics Corporation. The torch i s shown in 
Figure 4. Power is supplied to the f a c i l i t y by five 60 kilowatt weld-
ing power supplies arranged in pa ra l l e l to provide 300 kilowatts of 
power and a maximum Output voltage of 100 vo l t s . The vacuum tank and 
the heat exchanger are s ta in less s tee l and are water cooled. The vacuum 
pumps are a Stokes Microvac Pump Model No. 412 H-10 capable of pumping 
300 f t . /min of argon and a Stokes Model No. 900-170-22 forepump 
capable of pumping 1250 f t . /min of argon. High puri ty argon i s 







Figure 4. Plasma Torch O-l to 
4U 
supplied from a manifold which can be connected to as many as six 
bottles of compressed argon at one time. 
The electrostatic probe used is shown in Figure 5. The 1.91 cm 
diameter probe was constructed from copper and mounted on a movable 
stainless steel sting. The electrode at the probe tip is steel, 0.15 cm 
in diameter with a glass insulator. The entire probe is water cooled. 
Two D.C. power supplies are used to provide the electrical poten-
tial to the probe tip. One is a Power Designs, Inc. Model TW5005. This 
model is a twin power supply which can be wired to supply up to +50 volts 
D.C. and up to +500 ma. current. The other is a Hewlett-Packard, 
Harrison 6433B D.C. Power Supply. This model can supply up to 40 volts 
D.C. and 12 amps current. 
The negative ions were produced by injecting sulphur hexafluoride 
or uranium hexafluoride into the plasma. These additives were injected 
perpendicularly to the plasma flow through two thin tubes as shown in 
Figure 6. The volume flow rate of the sulphur hexafluoride was measured 
by determining the pressure drop in a small diameter tube through which 
the undiluted additive flowed before being injected into the plasma. 
The flow rate was calibrated by measuring the amount of water displaced 
in a vessel by the flowing sulphur hexafluoride in a given time for a 
given pressure differential. The sulphur hexafluoride proved to be a 
very effective electrophilic additive and this result necessitated 
smaller than expected additive flow rates. These lower flow rates 
produced a smaller pressure drop in the thin tube than had originally 
been expected and consequently Instrumentation errors in the pressure 
measurements became more significant than had initiaily been anticipated. 







Figure 6. Additive Injector 
In the present experiments, the probable error in the sulphur hexa-
fluoride flow rate measurements is estimated to be no larger than + 20 
percent. For the higher additive flow rates, the error is probably no 
larger than +10 percent. These errors represent the accuracy to which 
the pressure drop could be read. The flow rate was controlled by a 
Matheson Model No. 9-590 Pressure Regulator which regulated the up-
stream pressure in the tube and a valve downstream of the tube which 
was adjusted to maintain a constant pressure at the downstream end of 
the tube. The sulphur hexafluoride was injected into the plasma in an 
undiluted form to minimize possible errors caused by cooling of the 
plasma when the cooler gas was injected. The uranium hexafluoride flow 
rate was determined by measuring the rate at which the pressure dropped 
in a vessel containing a mixture of uranium hexafluoride and argon the 
volume of which was 458 cm maintained at a constant temperature of 90°C. 
The uranium hexafluoride and argon were premixed because insufficient 
uranium hexafluoride was obtainable to permit its use in the undiluted 
form. Two valves were employed to control the uranium hexafluoride flow. 
One was used to control the flow rate and the other was used to start or 
stop the flow as needed. Additional argon was added, as needed, to 
maintain the pressure of the mixture at a higher level than the pressure 
of the vacuum tank. 
Instrumentation 
All data were recorded with an 18 Channel Consolidated Electro-
dynamics Corporation Recording Oscillograph Model No. 5-124A. The 
quantities measured were the torch voltage and amperage, the pressures 
of the plenum Chamber, nozzle exit, and vacuum tank, the cooling water 
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flow rates in the cathode, anöde, and nozzle as well as the water tempera-
ture r i se in these cooling c i r c u i t s . The appropriate pressures to deter-
mine the additive flow rates were also measured. In addition, the cur-
rent and voltage of the e l e c t r o s t a t i c probe and the Stagnation pressure 
were measured. The Stagnation pressure at the location of the e lec t ro-
s t a t i c probe was measured by a p i to t tube placed in the plasma stream. 
The p i t o t tube had the same dimensions as the e l e c t r o s t a t i c probe and 
the pressure tap was located in the same re la t ive posit ion as the col-
lect ing electrode. The argon flow ra te was measured by a cal ibrated 
or i f ice meter. All of the pressures were measured by s t ra in guage pres-
sure transducers and the water flow rates were measured by or i f ices con-
nected to d i f fe ren t ia l pressure transducers. The torch current was 
measured by using a 6000 amp air-cooled shunt and the torch voltage was 
measured d i rec t ly . The cooling water temperature r i se in each component 
was measured by two thermistors , one located at the water i n l e t and the 
other at the discharge of the cooling water, e l e c t r i c a l l y connected in 
a balanced Wheatstone bridge. 
CHAPTER V 
DISCUSSION OF THE HEAT BALANCE TECHNIQUE 
The electrostatic probe theory developed in this work was veri-
fied by comparing the plasma conditions predicted by the probe theory 
to known plasma conditions. The probe was placed in a flowing plasma 
and the current-voltage characteristic curve of the plasma was deter-
mined. The probe theory was then used to predict the plasma tempera-
ture and the ion number density. The predicted temperature and ion 
number density were compared to the values predicted by performing a 
heat balance on the plasma with the assumption that the plasma was in 
equilibrium. 
The heat balance technique was used to determine the plasma 
enthalpy because of its simplicity. Other investigators have used more 
complicated methods such as spectroscopy to determine the enthalpy or 
temperature of the plasma but all of these methods have been more diffi-
cult to use and have had experimental errors at least as large as those 
inherent in the heat balance technique. Use of the heat balance tech-
nique thus resulted in no loss of experimental accuracy but did increase 
the ease of data acquisition. 
In the present experiments, the gross energy input to the plasma 
was calculated by measuring the voltage drop and electrical current 
through the plasma. The total energy losses were assumed to be con-
fined to losses to the cooling water. These losses were determined by 
measuring the water flow in the cooling circuits and the water 
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temperature changes in these circuits. The net energy input to the 
plasma was assumed to be the difference between the gross energy input 
and the losses in the cooling water. Losses due to diffusion and radi-
ation were neglected. During the initial stages of the experimental 
investigation, the plasma jet was traversed radially by the electro-
static probe. The plasma temperature and ionization were found to be 
uniform throughout the jet cross section. This indicated that the 
enthalpy distribution in the plasma stream was uniform. To reduce 
potential errors, care was taken to allow the torch voltage and amperage 
as well as the water flows and temperatures to stabilize before any data 
were taken. A discussion of the magnitudes of the experimental error 
associated with the heat balance technique follows. 
Error Caused by Instrumentation 
Much of the experimental error associated with the heat balance 
technique is introduced by the Instrumentation and the size of this 
error must be determined to evaluate the accuracy of the technique. The 
argon flow rates were measured by orifice meters. These meters were 
calibrated by comparing their readings to the flow rates measured by a 
set of high accuracy flow meters. These calibrations were repeated 
during the experiments and they showed good repeatability indicating 
that there was negligible drift in the calibrations. The error in 
determining the argon flow rate is estimated to be about 2 percent. 
This represents the accuracy to which the meters can be read. 
The plasma torch currents and voltages were recorded on an 
oscillograph using sensitive galvanometers. The voltage calibrations 
were made by comparing the galvanometer deflections to a known voltage 
input. These calibrations were also repeated during the experiments and 
they showed excellent repeatability. The plasma torch amperage was mea-
sured by determining the voltage drop in a low resistance air-cooled 
shunt. The amperage calibrations were made by comparing the galvanometer 
deflections to a known voltage input which equaled the voltage drop in 
the shunt caused by a predetermined current. These calibrations were 
also repeatable. The errors in determining the plasma torch voltage and 
amperage are each estimated to be approximately 1 percent. This repre-
sents the accuracy to which the galvanometer deflections can be read. 
The cooling water flow rates were measured by orifices connected 
to differential pressure transducers whose Output was recorded on the 
oscillograph. The water flow rates were calibrated using a water weigh-
ing technique in which the water flow rate for a given cooling circuit 
was adjusted to produce a predetermined galvanometer deflection and then 
the amount of water discharged through the cooling circuit in a measured 
amount of time was determined by weighing the discharged water. The 
total amount of water discharged and the time allowed for the water flow 
were kept large compared to potential errors in starting and stopping 
the timer and the water flow in order to minimize any calibration errors. 
These calibrations were repeated during the experiments and also showed 
little drift. The error in determining the water flow rates is esti-
mated to be about 5 percent. This represents the accuracy to which the 
galvanometer deflections can be read. 
The 1 argest source of instrumentation error occurred in the measure-
ments of the cooling water temperature changes. These temperature 
changes were measured in each cooling circuit by two high accuracy 
thermistors placed in a balanced Whetstone bridge. One thermistor was 
placed at the inlet of the cooling circuit and the other at the exit. 
The voltage Output of the bridge was proportional to the water tempera-
ture differential between the two thermistors. The errors would occur 
whenever random fluctuations in the inlet water temperatures occurred. 
To minimize these fluctuations, the cooling water was allowed to run for 
several minutes before any data were taken. In addition, care was taken 
to avoid using the extreme values of the temperature differentials and 
instead to use values which were between the high and low extremes. 
Because of the care taken to minimize the random fluctuations in the 
water differential temperature readings, the probable error associated 
with these readings is believed to be no greater than 5 to 10 percent. 
Error Caused by Neglecting Diffusion Effects 
Because the effects of diffusion were neglected in the heat balance 
calculations, the magnitude of these effects should be examined. Care 
was taken to minimize any effect due to diffusion. 
To make the flow as uniform as possible, the plasma was allowed to 
settle in a plenum Chamber and come to an equilibrium condition before 
exhausting into the test Chamber. Further, the probe was placed in the 
plasma so that it remained within the potential core of the plasma jet. 
Since the potential core was the brightest part of the jet, it was 
possible to visually locate the probe within the plasma potential core. 
In addition to the Visual check, other investigators have experimentally 
determined the length of the potential core as a function of the initial 
core diameter. Data from several of these experiments are reported by 
21 
Audeh and show a jet potential core length of 5 to 10 times the initial 
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j e t d iameter . For the 15-20 mm. Hg. and the 40-45 mm. Hg. p r e s s u r e 
da t a , the probe was placed 5 inches from the nozzle e x i t . For the 30 
mm. Hg. p r e s su re d a t a , the probe was p laced 10 inches from the nozzle 
e x i t . Since the i n i t i a l j e t diameter was Visua l ly observed to be 
approximately 2 i n c h e s , the expected p o t e n t i a l core length of 10 to 20 
inches was adequate to insu re t h a t the probe t i p was wi th in the p o t e n t i a l 
core of the j e t and thus unaffec ted by the d i f fus ion e f f e c t s . I t was 
thus concluded t h a t d i f fus ion e f f e c t s were n e g l i g i b l e . 
Er ror Caused by Neglec t ing Losses 
Due to Radiat ion 
The energy loss due to r a d i a t i o n in an argon plasma has been mea-
22 sured by Menard, Thomas, and He l l iwe l l ' for an argon number dens i t y of 
2 x 10 1 7 cm"3 and a temperature ränge of 9000°K to 16,000°K. At a 
temperature of 10,000°K the r a d i a t i o n los s was found to be 0.1 w a t t / 
3 
cm - s t e r . I f the r a d i a t i n g p o r t i o n of the plasma j e t i s assumed to be 
a cy l i nde r 1 inch in r ad ius and 10 inches long i t s volume i s 
V = 514.8 cm3 . (5-1) 
The h i g h e s t f ree stream plasma temperature measured in the experiments 
was found to be 10,000°K and thus a conserva t ive e s t ima te of the 
r a d i a t i o n l o s s r a t e , Q, for a 10-inch length s e c t i o n of the j e t i s 
given by 
RTII 
n = 37 £ i ü . (5_2) 
x mm v J 
The rate of heat addition to the plasma varied from 700 BTU/min to 
3400 BTU/min. Thus the energy loss due to radiation varied from about 
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1 to 5 percent of the total energy contained in the plasma. Actually, 
for the lowest heat addition rates, the probe was only 5 inches from 
the nozzle exit thus reducing the maximum percentage loss to about 2.6 
percent. Since 10,000°K is an upper limit, the actual loss due to 
radiation is generally much lower than these estimates. 
Assumption that the Plasma is in Equilibrium 
The plasma reached an initial State of equilibrium in the plenum 
Chamber before being injected into the vacuum tank. In order for the 
assumption of equilibrium in the free stream plasma to be valid, there 
must be adequate time in the flow between the plenum Chamber and the 
electrostatic probe to allow the particles to reach a new State of 
equilibrium. If the free stream plasma temperature in the vacuum tank 
is assumed to be 10,000°K and the plasma is flowing at its sonic velocity, 
then the plasma velocity is 2 x 10 cm/sec. The distance from the plenum 
Chamber to the location of the electrostatic probe is 20 cm, or greater, 
-4 and hence the minimum transit time for the plasma is 10 seconds. 
Since the ionization level is dropping during this time, the 
appropriate reaction to examine is the ion recombination reaction. 
Equation (3) of Chapter II gives the recombination equation as 
n. 
(5-3) n. _ 1 + a n.0t i2 r i2 
where n. is the positive ion number density after time t, a is the 
recombination coefficient, and n.~ is the initial positive ion number 
17 density. The value given by Maxwell and Wessling for a is 
a = 10" 1 0 cm3 /sec (5-4) 
and the p o s i t i v e ion number dens i ty in the plenum Chamber was on the 
1 f\ 7 
order of 10 cm . Equation (3) thus gives 
n. 
— = 0.01 (5-5) 
n i 2 
indicating that, unless the free stream equilibrium positive ion number 
14 -3 
density is less than 10 cm , the plasma will be in equilibrium at the 
location of the probe. In the present experiments, the free stream 
14 -3 
equilibrium positive ion number density was greater than 10 cm . In 
addition, the plasma velocity was less than the sonic velocity and hence 
-4 
the time for recombination was actually greater than 10 seconds. 
Overall Estimate of the Error of the 
Heat Balance Technique 
The total estimated error introduced by the Instrumentation errors 
and by the diffusion and radiation assumptions is given by the Square 
root of the sum of the Squares of the individual errors. Thus the total 
estimated experimental error in the heat balance technique is about 7 
to 13 percent. 
Comparison of the Heat Balance 
to Qther Methods 
The experimental errors of other plasma diagnostic techniques have 
been evaluated by other authors and should be examined in order to 
determine if the experimental error of the heat balance is acceptable. 
23 
Swift and Schwär * have examined the experimental error associated with 
the microwave transmission technique. The technique makes use of the 
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fact that when a high frequency electromagnetic wave i s passed through 
a plasma i t i s attenuated and also undergoes a phase sh i f t . The magni-
tudes of the attenuation and phase sh i f t are dependent upon the plasma 
electron density. One method of using the technique i s to vary the 
frequency of the wave passing through the plasma un t i l the wave ceases 
to peneträte the plasma. The frequency at which the wave propagation 
ceases i s known as the cut-off frequency and i t i s d i rec t ly proportional 
to the square root of the electron number density. Swift and Schwär 
note that th is method shows l i t t l e experimental error for plasma pres-
_2 
sures below 10 * mm. Hg. but that above th i s pressure the error increases 
_2 
rapidly. At a plasma pressure of 5 x 10 mm. Hg. the experimental error 
i s 30 percent. 
The second method of using the microwave transmission technique is 
to measure the phase shift which occurs as the microwaves pass through 
the plasma. Swift and Schwär note that this method has an experimental 
error of approximately 25 percent. 
For both methods, the microwave wavelength, ö, must satisfy the 
relation 
6 < 3.3 x 106 n ""* cm (5-6] 
e 
in order for the waves to be transmitted through the plasma. Swift 
and Schwär note that because of the difficulties involved in working 
at wavelengths below 4 mm. these methods are limited to electron densi-
14 -3 
ties below 10 cm . It should be further noted that while these 
methods permit the determination of the electron number density they 
do not permit the determination of the electron, positive ion, or 
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negative ion temperatures; nor, if negative ions are present in the 
plasma, do they permit the determination of the positive and negative 
ion number densities. 
Additional methods of plasma diagnostics have been discussed by 
24 
Huddiestone and Leonard. The methods include magnetic probes, spectro-
graphic methods, optical interferometry techniques, microwave techniques, 
and particle measurement techniques. Of these methods, only the spectro-
graphic, optical interferometry, and microwave methods are applicable to 
the present experiments. The microwave techniques presented are similar 
to those discussed by Swift and Schwär and they are subject to the same 
limitations. 
The spectrographic methods discussed involved studies of spectral 
intensities and line broadening using optical and ultraviolet techniques, 
x-ray spectroscopy, and far-infrared techniques. The spectral intensity 
method involves an examination of the relative, as well as absolute, 
intensities of spectral lines produced by the plasma. These spectral 
lines are produced by the transitions of electrons within the plasma from 
one energy State to another and the Interpretation of these spectral 
lines is dependent upon the molecular model used in the analysis. Huddie-
stone and Leonard described several plasma modeis and estimate that their 
experimental error varies from 30 percent to 300 percent. An additional 
consideration in the use of the spectral intensity method is the accuracy 
of the intensity calibration of the spectroscopic Instrumentation. 
Huddiestone and Leonard have noted that, in the visible and near-ultra-
violet regions, calibration against a tungsten filament lamp or carbon 
are is possible with a precision of a few percent but that for higher 
frequency radiation the calibration is less precise. In the soft x-ray 
region, they note that the calibration error is about 40 percent. 
The line broadening method differs from the spectral intensity 
method in that the width of the spectral line rather than its intensity 
is used to determine the plasma properties. The two dominant causes of 
line broadening are the Doppler effect and the Stark effect. The 
Doppler broadening of the spectral lines is caused by the motion of the 
radiating body relative to the spectrograph, while the Stark broadening 
is caused by the interactions of the charged particles within the plasma 
which cause perturbations in the radiation frequency. The degree of 
line broadening from the Doppler effect is dependent upon the plasma 
temperature while the degree of line broadening from the Stark effect 
is dependent upon the electron density as well as the plasma tempera-
ture. As an example of the magnitude of the line broadening effects, 
Huddiestone and Leonard note that for argon at a temperature of 2 x 10 °K 
with an electron number density of 10 cm" the line broadening half 
o o o 
width for the 4806 A l i n e i s 0.0014 A for the Stark e f f ec t and 0.08 A 
for the Doppler effect . In addition, they note tha t an experimental 
o 
resolution of better than 0.1 A is quite difficult to achieve. With 
this degree of resolution, the experimental error would be expected to 
be on the order of 100 percent. If the proper equipment is used, how-
ever, the experimental error can be reduced. Huddiestone and Leonard 
report that in a study of an argon plasma in which the temperature was 
1.1 x 10 °K and the electron number density was 10 cm" the experi-
mental error, averaged over 13 lines, was 5 percent; but, for the indi-
vidual lines, errors of up to 30 percent were encountered. In addition 
to the previously noted difficulties in achieving adequate spectral 
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resolution, other problems with the line broadening method were noted. 
These problems included the necessity for the plasma properties to 
remain constant for a time sufficient to record the spectrum and also 
the distortion to the line profile caused by other broadening mechanisms 
or self-absorption within the plasma. In concluding their analysis of 
the line broadening method, Huddiestone and Leonard estimated that, if 
precise line profiles can be obtained and if the results from several 
lines are averaged, the method will give results which are accurate to 
within 15 percent. 
The optical interferometry technique makes use of the fact that 
the refractive index of the plasma varies with the electron number 
density. By measuring the changes produced in the interference pattern 
when light is passed through the plasma, the electron number density 
can be deduced. The technique requires that the light path be suffi-
ciently long so that only the macroscopic properties of the plasma in-
fluence the refraction. The light source must also be brighter than 
the plasma so that it can be observed and, additionally, the plasma 
must be optically thin so that little of the light is absorbed by the 
plasma. In an experiment in which the electron concentration in a 
hydrogen plasma was determined by the optical interferometry technique, 
an examination of the continuum radiation intensity, and the line 
broadening method, Huddiestone and Leonard report that the results for 
the optical interferometry method agreed with the results of the line 
broadening method, differed from the results of the continuum radiation 
examination by 22 percent, and exhibited an experimental uncertainty 
of +9 percent. 
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The diagnostic techniques described above exhibit experimental 
errors which are equal to or greater than those of the heat balance 
technique. In addition they are more difficult to use and require more 
complex experimental equipment. Also, since the heat balance technique 
gives the plasma enthalpy directly, all of the equilibrium plasma proper-
ties can be determined using that technique while the other techniques, 
in general, yield this information less directly. For these reasons, 
the experimental error of the heat balance is considered to be accept-
able for the present experiments. 
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CHAPTER VI 
RESULTS AND DISCUSSION 
The electrostatic probe theory was evaluated for its ability to 
determine the plasma temperature and degree of ionization. The free 
stream Stagnation temperatures and ionization percentages predicted by 
the electrostatic probe theory were compared to the values predicted by 
the heat balance technique. In addition, the electrophilic additives 
sulphur hexafluoride and uranium hexafluoride were injected into the 
plasma and the effectiveness of these additives was measured. 
Analysis of the Probe Results for 
Temperature Predictions 
The electrostatic probe can be used to predict free stream plasma 
temperatures only when the ion temperature at the plasma sheath can be 
determined or when the ratio of electrons to positive ions is known or 
can be determined. When analyzing a plasma to which an electrophilic 
Compound has been added, the ratio of electrons to positive ions can be 
determined if the effectiveness of the additive is known. In the present 
experiments, this effectiveness was not known and was in fact one of the 
Parameters under investigation. Thus, verification of the probe theory 
was limited to test conditions which permitted a determination of the 
positive ion temperature at the sheath edge. These test conditions 
occurred when there was no electrophilic additive present in the plasma, 
and hence no electron absorption, and also when there was sufficient 
additive present to absorb virtually all of the electrons, thus making 
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it possible to observe the change in positive ion current with changes 
in probe potential. Data were taken for each of these two conditions 
and the plasma temperatures predicted by the probe theory were compared 
to the plasma temperatures predicted by the heat balance. 
Results for No Electron Absorption 
Seven data points were obtained in which no electrophilic addi-
tive was present in the plasma. These data points were taken over a 
static pressure ränge of 15 to 45 mm. Hg. and an enthalpy ränge of 
4 4 
4 x 10 to 9 x 10 k-cal./kg.-mole. The low number of data points is 
due to the high electron densities and the growth of the plasma sheath 
with increasing probe potential which made it very difficult to achieve 
electron Saturation. In addition, the high currents at the collecting 
electrode often severely damaged the electrode, thus preventing a 
determination of the electron Saturation current. 
The free-stream Stagnation temperatures predicted using the probe 
theory and the heat balance are plotted in Figure 7. The probe results 
agree with the heat balance results to within the experimental error of 
the heat balance. In view of the experimental error associated with 
other plasma diagnostic techniques, this agreement is considered to be 
quite good. 
Results for Virtually Complete Electron Absorption 
Twelve data points were obtained for which sufficient electrons 
were absorbed by the electrophilic additive to make it possible to 
observe the change in positive ion current with probe potential. The 
pressure and enthalpy ranges for the data were the same as in the case 
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Figure 7. Electrostatic Probe Predicted Temperature as a Function of Free Stream 
Stagnation Temperature 
combinations, data were not obtained because of d i f f icul ty in absorbing 
enough of the higher energy electrons to allow the effect of posi t ive 
ion retardat ion to be shown. Sulphur hexafluoride has a high capture 
cross section for low energy e lec t rons , but t h i s cross section decreases 
rapidly as the electron energy increases. Thus, even though nearly a l l 
of the free electrons can be absorbed by the sulphur hexafluoride, the 
remaining electrons are normally high velocity electrons which can pro-
duce electron currents which are high enough to mask the effect of posi-
t ive ion re tardat ion . 
The free stream Stagnation temperatures predicted by the probe 
theory and the heat balance are also shown in Figure 7. These resu l t s 
also show good agreement with the heat balance r e s u l t s . 
Combined Results for the Two Cases 
The resu l t s for both the no absorption and the nearly complete 
absorption cases are tabulated in Table 1 with the free-stream pressure 
and Stagnation enthalpy associated with each data point . The table 
shows the percentage of the deviation of the probe resu l t s from the 
heat balance resu l t s for each data point . A comparison of the data 
obtained for both cases shows that for each pressure-enthalpy combi-
nation at which data were obtained for the no electron absorption case 
there were also data obtained for the nearly complete absorption case. 
The data for the complete absorption case generally showed deviations 
from the data for the no absorption case. This deviation i s comparable 
to the experimental uncertainty of the heat balance and i t was con-
cluded tha t , for the ränge of experimental conditions invest igated, the 
ab i l i t y of the probe theory to predict plasma free stream Stagnation 
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temperatures is unaffected by the presence of negative ions. 
With the limited amount of data available, and with the amount 
of scatter exhibited, no trend in the magnitude of the deviation with 
changes in plasma enthalpy or pressure which might exist could be ob-
served. In addition, at three pressure enthalpy combinations, the 
tests were repeated. In general, the errors were of similar magnitude 
but for two of the combinations, the errors differed in sign, thus indi-
cating at least some randomness to the errors. 
Because the electrostatic probe theory gave equally good results 
in predicting the plasma free stream Stagnation temperature for both 
the no electron absorption and the complete electron absorption cases, 
and because the probe results agreed with the heat balance results to 
within the experimental error of the heat balance, it was concluded 
that, within the ränge of the experimental conditions, the experimental 
error associated with the probe theory temperature predictions is not 
sensitive to variations in additive concentration, and that the magni-
tude of the error is acceptable. 
Analysis of the Probe Results for 
Ionization Predictions 
Data were taken for the case of no electrophilic additive present 
in the plasma and also for increasing amounts of additive up to nearly 
complete electron absorption and the electrostatic probe theory was 
used to predict the free stream ionization level. These predicted 
ionization levels were compared to the ionization levels predicted by 
the heat balance technique. 
Comparison of Probe Ionization Calculations 
to the Free Stream Equilibrium Ionization 
With the exception of two points, all of the data showed ioni-
zation predictions which were significantly below the free stream 
equilibrium values predicted by the heat balance method. 
A comparison of the ionization levels predicted by the probe 
theory to the ionization levels which would have resulted if the plasma 
had been in equilibrium at the sheath edge (at the temperature and 
pressure predicted by the probe theory) showed the predicted ionization 
to always be larger than the sheath edge equilibrium ionization but to 
approach the equilibrium value with increasing static or Stagnation 
pressure. This indicated that the flow was not completely frozen. 
As noted in Chapter II, the equation for ion recombination is 
given by 
n. 
nT7 = 1 + a n.0t ^
6~1^ 
i2 r i2 
where n. is the positive ion number density after time t, n.~ is the 
initial positive ion number density, and a is the recombination 
coefficient. The recombination coefficient was calculated for each of 
the data points which exhibited evidence of recombination and the re-
sults of these calculations are shown in Figure 8 as a function of the 
free stream static temperature. Implicit in the derivation of Equation 
[1) is the assumption that the rate of ionization is negligible compared 
to the rate of recombination. This assumption is valid in the probe 
boundary layer except for the cases in which the actual ionization level 
at the plasma sheath edge is near the equilibrium value. To minimize 
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the effect of the ionization rate upon the recombination coefficient 
calculations, only the data for which the value of n. is greater than 
5 percent of the value of n.~ is shown in Figure 8. The recombination 
coefficient is normally given as a function of the electron temperature. 
This was not possible in the present case since the lower energy elec-
trons are removed from the plasma at a faster rate than are the higher 
energy electrons by the electrophilic additive and the recombination 
process. This gives a fictitiously high electron temperature at the 
edge of the plasma sheath. A comparison of the electron temperatures 
determined by the electrostatic probe for the data in which no electro-
philic additives were present in the plasma with the free stream static 
temperature determined from the heat balance indicated that the free 
stream static temperature is a good approximation to the electron tempera-
ture in the free stream. Since the free stream plasma is expected to be 
in equilibrium, this result is reasonable. For these reasons, instead of 
the sheath edge electron temperature the free stream static temperature 
was used in Figure 8. The values for the recombination coefficient 
shown in Figure 8 are well within the ränge of values for the coefficient 
reported by Loeb. 
An increase in the value of the recombination coefficient was 
noted with the addition of sulphur hexafluoride. The Variation of the 
recombination coefficient with the ratio of the sulphur hexafluoride 
number density to the sheath edge positive ion number density for a free 
stream static temperature of 8,000°K is shown in Figure 9. The increase 
in the recombination coefficient with increasing sulphur hexafluoride 
ratios indicates that the additive acts as a catalyst towards the 
T s = 8000 ° K 
RATIO OF SF6 NUMBER DENSITY TO SHEATH EDGE POSITIVE ION 
NUMBER DENSITY 
Figure 9. Change in Recombination Coefficient with Sulphur 
Hexafluoride Addition 
recombination reaction. 
Effect of the Non-Frozen Flow on the Temperature 
Predictions of the Probe Theory 
By assuming frozen flow in the probe boundary layer i t was poss i -
ble to neglect any heat of recombination in the boundary layer . For the 
temperature predictions of the theory to remain correct when there is 
recombination within the boundary layer , the heat addition due to th i s 
recombination must be small enough to remain negl ig ib le . In the present 
experiments, 75 percent of the data points had free stream equilibrium 
ionization levels of less than 1 percent and 50 percent of the data 
points had free stream equilibrium ionization levels which were less 
than one-half of 1 percent. The ionization potent ia l of argon i s 15.68 
vo l t s , thus the energy released when one argon ion recombines i s 15.68 
e lec t ron-vol t s . This i s equivalent to a temperature of 180,000°K. Thus, 
i f an argon plasma were 1 percent ionized and a l l of these ions were to 
recombine, the plasma temperature would increase by 1,800°K. The lowest 
plasma Stagnation temperature for which the free stream ionization was 
1 percent was 9,000°K. The lower temperature plasmas were s igni f icant ly 
less ionized. The temperature increase due to recombination in these 
cases i s thus no more than 20 percent of the Stagnation temperature of 
the plasma. Further, some of the energy released in argon due to re -
combination is in the form of e lec t ronic exci tat ion or in the form of 
radiation which may not be reabsorbed by the plasma un t i l i t has t raveled 
some distance from the point of recombination. This reduces some of the 
heat addition in the boundary layer due to recombination. 
For these reasons, the heat of recombination in the boundary 
layer reraained small enough to be acceptable insofar as the temperature 
predictions are concerned. Further, an examination of the data reveals 
no trend towards larger errors in the temperature predictions with in-
creased recombination, thus further supporting the assumption that the 
effect of recombination on the temperature predictions was small. 
The effect of the non-frozen flow on the ionization predictions, 
however, is severe in the present experiments. Nevertheless, it is 
possible to compensate for these effects. By reducing the diameter of 
the probe, the pressure gradient in the probe boundary layer is in-
creased. This has the effect of decreasing the time of passage of the 
ions through the boundary layer and thus reducing the amount of recombi-
nation. If the probe diameter is reduced sufficiently, the effect of 
recombination can be made negligible. In addition, if the value of the 
recombination coefficient is known, the degree of recombination within 
the boundary layer can be determined and thus the probe results can be 
corrected to the free stream values. 
Use of the Probe Theory to Study the Effect 
of Electrophilic Additives 
The electrostatic probe was used to measure the effectiveness of 
sulphur hexafluoride and uranium hexafluoride as electrophilic Compounds. 
One of the additives would be injected into the flowing plasma and the 
probe theory would be used to determine, at the plasma sheath edge, the 
ratio of the remaining free electron number density to the positive ion 
number density. This ratio would be a measure of the effectiveness of 
the additive. The lower the ratio the greater the percentage of free 
electrons being absorbed. The concentration of the additive was the 
ratio of the additive number density to the sheath edge positive ion 
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number density. The additive concentration was varied and the change 
in the r a t i o , at the plasma sheath edge, of the free electron number 
density to the posi t ive ion number density was determined as a function 
of the additive concentration. 
The number of free electrons removed from the plasma i s a func-
tion of the electron capture coefficient of the e lec t rophi l i c addit ive. 
The sulphur hexafluoride data were taken at t e s t conditions under which 
the e l e c t r o s t a t i c probe boundary layer was not frozen, and th is circum-
stance made i t possible to determine the electron capture coefficient 
for sulphur hexafluoride. 
The usefulness of the e l ec t ro s t a t i c probe theory is expanded by 
knowledge of the value of the electron capture coeff icient . If, in a 
plasma being analyzed, the electron current to the e l e c t r o s t a t i c probe 
i s unacceptably high, th is electron current can be reduced by the addi-
tion of a measured amount of an e lec t rophi l i c addit ive. If the value 
of the electron capture coefficient i s known, the reduction in the 
electron number density can be determined, and hence the e l ec t ro s t a t i c 
probe theory can be used to determine the plasma proper t ies . 
Sulphur Hexafluoride as an Additive 
The data taken for the sulphur hexafluoride experiments were 
4 4 4 
taken at plasma enthalpies of 4 x 10 , 5 x 10 , and 6 x 10 k - c a l . / 
4 
kg-mole. The data for the plasma enthalpy of 6 x 10 k-cal ./kg-mole 
were taken primarily at free stream s t a t i c pressures of 20 and 45 mm. 
4 4 
Hg. The data for the plasma enthalpies of 4 x 10 and 5 x 10 k - c a l . / 
kg-mole were taken at a s t a t i c pressure of 20 mm. Hg. The ra t io at 
the plasma sheath edge of the electron number density to the posi t ive 
ion number density was determined in the manner described in Chapter III, 
and the electron capture coefficient of sulphur hexafluoride was deter-
mined in the following manner. 




-r— = - Kn n - ot n.n (6-2) 
dt e a r 1 e ^ J 
where n and n are the electron and unionized additive number densities, 
e a ' 
K is the electron capture coefficient, and t is the time of the reaction. 
As electrons are absorbed by the additive, negative ions are formed and 
the ionized additive number density decreases as 
n = n - (n - n ) (6-3) 
a ao v n noy ^ J 
where the subscript o denotes the i n i t i a l value. Since the plasma must 
remain neu t ra l , 
n = n. - n (6-4) 
n i e v J 
and Equation (2) becomes 
dne 2 
-j-F- = n [(K - a )n. - K(n + n ) ] - Kn . (6-5) 
dt eL^ rJ I v ao no;j e *- J 
The rate of positive ion reduction is given by 
dnt 
-r— = - a n.n - a n.n (6-6) 
dt r I e n i n ^ J 
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where a is the charge exchange coefficient between the negative ions 
and the positive ions. Substituting Equation (4) into Equation (6) 
yields 
dn. 0 
1 r > -
- T — = (et - et )n.n - a n . 
dt n r l e n I 
(6-7) 
An at tempt to f ind an exact a n a l y t i c a l Solut ion t o Equations (5) 
and (7) was unsuccess fu l . A f i n i t e d i f fe rence Computer program was 
w r i t t e n to solve these equat ions for the value of K in the e l e c t r o s t a t i c 
probe boundary l a y e r . R e a l i s t i c va lues of et and et were used and the 
value of K was i t e r a t e d u n t i l a numerical I n t e g r a t i o n of Equations (5) 
and (7) gave r e s u l t s for n and n. a t the plasma sheath edge which 
matched the values for n and n. determined by the e l e c t r o s t a t i c p robe . 
The r e s u l t s showed t h a t , for the ränge of exper imental condi t ions i n -
v e s t i g a t e d in the p resen t work, the value of K was c lose to the value 
of ot . This r e s u l t pe rmi t t ed an approximate Solu t ion t o Equation (5 ) . 
I f the term (K - ot )n . in Equation (5) i s assumed to be small 
compared to the term K(n + n ) , then Equation (5) can be approximated 
by 
dn 2 
-r— = - K(n + n )n - Kn dt ao noy e e (6-8] 
which becomes 




+ n + n eo ao no 
n + n + n 
e ao no 
= - Kt (6-9) 
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Solving Equation (9) for n /n. yields 
eo 
n + n + n 
eo ao no 
fn 
ao 




•K(n +n )t v ao no 
1 - eo 
-K(n +n )t ao no' 
n + n + n 
eo ao no 
(6-10) 
and solving Equation (10) for K yields 




3 + -± n. 
I 
fn 1 (n + n + n ^ 
e \ eo ao no 
In. 1 n L> i" eo j 
where 
n + n 





To use Equation (11) to determine the value of K, the values of n and 
n at the edge of the probe boundary layer must be known. In the 
present experiments, the sulphur hexafluoride was injected into the 
free stream plasma in small enough quantities so that, in the free 
stream, the sulphur hexafluoride number density, n , was always less 
than the positive ion number density. In addition, the sulphur hexa-
fluoride proved to be a sufficiently good electron absorbing agent and 
the time required for the particles to travel from the point of injec-
tion to the location of the probe boundary layer was sufficiently long 
so that, at the edge of the probe boundary layer, good approximations 
to n and n were ao no 
n = 0 ao (6-13) 
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and 
n = ncr, no SF, 
(6-14) 
Since 
n. = n + n , 
10 eo no 
(6-15) 









e 1 0 
n. n 
L i eoj 
(6-16) 
The values for K determined by Equation (16) are shown in Figure 
10. The free stream equilibrium ionization percentages were used to 
determine n. and the values used for n. and n in Equations (12) and 
10 I e n 
(16) were the values determined for the plasma sheath edge by the 





where 3 is the boundary layer pressure gradient parameter introduced 
previously. For reasons identical to those for the recombination 
coefficient data, the value of K is shown as a function of the free 
stream static temperature instead of the sheath edge electron tempera-
ture. 
Since, in deriving Equation (16), the assumption was made that 
the term (K - a )n. in Equation (5) is small compared to the term 
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Figure 10. Sulphur Hexafluoride Electron Capture Coefficient ^J -̂  
K(n + n ) , t h i s assumption should be checked. At the boundary l aye r 
edge, with a free stream s t a t i c temperature of 8,000°K, t y p i c a l values 
for n . , n , and K were 1 no* 
n. = n. = 4 x 10 1 4 cm"5 , (6-18) 
1 1 0 ' V J 
n = 4 x 1 0 1 3 cm"3 , (6-19) 
no 
and 
K = 6 x 10" 9 cm3 /sec . (6-20) 
The va lues determined for the recombination c o e f f i c i e n t a , are shown 
in Figure 8. The value for a a t 8,000°K i s 
a r = 3 x 10*
9 cm3 /sec . (6-21) 
The ratio of the two terms in Equation (5) is thus 
(K - a )n. 
= 5 (6-22) K ( n + n ) v ao no 
at the boundary layer edge. Thus, initially, the assumption is not 
valid. At the edge of the plasma sheath, however, a typical value of 
n. is 
I 
r^ = 1 x 10 1 3 cm"3 (6-23) 
and the r a t i o of the two terms i s thus 
(K - et )n . 
K(n / n X) = ° - 1 2 5 (6"2 4> 
ao no ' 
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and the assumption is valid. By substituting an averaged value for a 
and ot into Equation (6) , the value of n. as a function of time can be 
shown to be 
n. 
n. = — (6-25) 
1 + an. t 
10 
where a is the averaged value for the recombination coefficient. The 
13 -3 time required for the value of n. to drop to 4 x 10 * cm , where the 
ratio (K-a )n./K(n + n ) is equal to 0.5 is thus rJ i ao no' ^ 
t = (6-26) 
an. 
10 
while the time required for the value of n. to drop to the sheath edge 
13 -3 value of 1 x 10 cm is 
39 t = -~- (6-27) 
an. 
10 
and thus for only 25 percent of the ränge of Integration is the assump-
tion that ( K - a )n. is small compared to K(n + n ) invalid. A 
^ r i r ao no' 
further test of the validity of the assumption is to compare the term 
2 
(K - a )n.n to the term Kn in Equation (5). At the plasma sheath 
edge, Equations (15), (18), and (19) give 
n = 3.6 x 1014 cm"3 (6-28) 
eo K J 
and hence 
( K - a )n.n 
* X e = 0.56 . (6-29) 
Kn e 
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Thus, even though the neglected term in Equation (5) is not initially 
small compared to the second term, it is small compared to the third 
term. Equation (16) should, therefore, give a good approximation to 
the value of K. 
The electron capture cross section, a, is related to the reaction 
rate constant, K, by 
K = GC (6-30) 
e 
where c is the average thermal speed of the electrons. Substituting 
Equation (30) into Equation (16) and solving for o yields 
n 
l 
o = In . (6-31) 
— 0 . n n.
 J 




The calculated values of the electron absorption coefficient of sulphur 
hexafluoride as a function of the free stream static temperature are 
shown in Figure 11. The value for the sulphur hexafluoride electron 
capture cross section as a function of the electron temperature, as 
18 
determined by Asundi and Craggs for monoenergetic electrons passing 
through a sulphur hexafluoride gas at room temperature, is also pre-
sented in Figure 11. Although there is some scatter in the present 
data, their agreement with the data of Asundi and Craggs is quite good. 
The scatter in the data is attributed to the combined errors associated 
with the heat balance enthalpy measurements, the electrostatic probe 
measurements, and the sulphur hexafluoride flow rate measurements. 
The equations used in determining the degree of electron number 
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density reduction are dependent upon the experimental test conditions. 
In experiments similar to those conducted in the present work, Equation 
(10) would be used to determine the reduction in electron number density. 
If the experimental conditions were sufficiently different so that no 
deionization would occur within the plasma, then Equation (2) reduces to 
dn 
; = - Kn n (6-32) 
dt e a 
which can be solved exactly to give 
n in 










J - - lln t 
n In eo 
ao ^ eo 
e 
n 
eo This equation is similar to Equation (9) of Chapter II and it was derived 
in the same manner. 
As noted previously, the argon recombination coefficient exhibited 
an increase in value with increasing amounts of sulphur hexafluoride, 
thus indicating a tendency towards greater recombination with sulphur 
hexafluoride addition. The variations in sheath edge positive ion 
number density with sulphur hexafluoride addition for the free stream 
4 4 4 
Stagnation enthalpies of 4 x 10 , 5 x 10 , and 6 x 10 k-cal./kg-mole 
are shown in Figures 12, 13, and 14 respectively. The positive ion 
number density is shown as a function of the ratio of the sulphur 
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density, n /n.. For all three enthalpies, the sheath edge positive 
OT , 1 
D 
ion number density decreased with increasing amounts of sulphur hexa-
fluoride, thus, further demonstrating the effectiveness of sulphur 
hexafluoride in promoting recombination. 
As expected, the sheath edge positive ion number density at a 
given value of nQP /n. increases with increasing enthalpy. While the 
6
4 
data for the 5 x 10 k-cal./kg-mole enthalpy level were too scattered 
for accurate analysis, the remaining data showed an increase with in-
creasing plasma enthalpy in the rate of sheath edge positive ion number 
density reduction with sulphur hexafluoride addition. This result is 
expected since the rate of positive ion recombination is directly pro-
portional to the positive ion number density as well as to the recombi-
nation coefficient. 
The experimental results thus show the effect of the sulphur 
hexafluoride to be twofold. When the ionization rate is low compared to 
the deionization rate, the sulphur hexafluoride can accelerate the rate 
of deionization and thereby cause a reduction of 50 percent, or more, in 
the free electron number density. The electron absorption effect causes 
an additional reduction in the electron number density of up to 99 per-
cent. 
Use of Uranium Hexafluoride 
as an Additive 
In certain proposed gas core nuclear reactors, an MHD generator 
has been proposed as a topping device to a conventional steam generator. 
In order for this generator to operate efficiently, the plasma must con-
tain sufficient free electrons for the plasma to be a good electrical 
conductor. Uranium hexafluoride has been suggested as a potential fuel 
for the reactor; however, the presence of a halogen in the molecule 
indicates that uranium hexafluoride is likely to be an electrophilic 
Compound. For these reasons, the electrophilic properties of uranium 
hexafluoride warranted investigation. 
In this study, the data were taken for a free stream Stagnation 
4 
enthalpy of 2 x 10 k-cal./kg-mole and at a free stream static pressure 
of 15 mm. Hg. 
The data analysis method for the uranium hexafluoride tests 
differed somewhat from the sulphur hexafluoride method due to problems 
caused by the choice of a lower test enthalpy. The lower enthalpy was 
chosen because the higher enthalpies at which the sulphur hexafluoride 
data were taken often produced sufficient ionization to cause a burnout 
of the collecting electrode when the electron Saturation current was 
obtained with little or no electron absorption. As very little uranium 
hexafluoride was available, it was decided to minimize possible problems 
and delays by running the tests at a lower enthalpy level. A further 
advantage of the lower enthalpy was that the plasma temperature was 
lowered to about 5,000°K which is the approximate operating temperature 
proposed for the MHD generator topping device. Thus the lower enthalpy 
made it possible to more closely match the actual conditions under which 
the uranium hexafluoride would be used. 
Unfortunately, the cooling effect of the probe at the chosen 
enthalpy was greater than expected and caused the ion temperature at the 
sheath edge to be close to 1,000°K for all but the greatest electron 
absorption cases. At this temperature the collision cross section (upon 
which the sheath thickness depends) of argon varies quite strongly with 
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temperature and sufficiently accurate Information was unavailable in the 
literature to permit the usual data reduction procedure. In the cases 
in which the electron absorption was great enough to permit the determi-
nation of the ion temperature at the sheath edge by observing the ion 
current, the calculated ion temperatures were used to determine the 
remaining parameters. When this was not possible, the ion temperature 
was assumed to be 1,000°K. This temperature was chosen because data 
taken with no uranium hexafluoride in the plasma showed that the ion 
temperature at the sheath edge was very close to this value. Once the 
ion temperature at the sheath edge was determined, or assumed, the nor-
mal data reduction procedure was followed except that the ratio of the 
electron Saturation current to the ion Saturation current was used rather 
than the floating potential to determine the value of the ratio 
(n /f-)/(n./T.)• This change was required because the uranium hexa-
fluoride produced a coating on the collecting electrode which tended to 
distort the current-voltage characteristic curve. The distortion did 
not affect the magnitude of the Saturation currents but it did produce 
a fictitious increase in the floating potential. 
The results of the uranium hexafluoride study are quite similar 
to the results for the sulphur hexafluoride study. The electron number 
density showed a significant decrease with increasing uranium hexa-
fluoride number density. The ratio of the number density of the free 
electrons to the positive ion number density at the sheath edge, as a 
function of the ratio of the uranium hexafluoride number density to the 
positive ion number density at the sheath edge, is shown in Figure 15. 
The electron number density showed a more rapid decrease with uranium 
86 
1.0-Q 








0 . 1 -
ENTHALPY = 2 x 1 0 ^ k-cal/kg-mole 
STAGNATION PRESSURE = 18.0 mm Hg 
STATIC PRESSURE = 14.3 mm Hg 
0SHEATH EDGE TEMPERATURE 
ASSUMED TO BE 1000 °K 
-O 
RATIO OF URANIUM HEXAFLUORIDE NUMBER DENSITY 
10 
TO POSITIVE ION NUMBER DENSITY 
n U F 6 
Figure 15. Free Electron Reduction with Uranium Hexafluoride Addition 
hexafluoride addition than with sulphur hexafluoride addition. This 
was probably caused by the fact that at elevated temperatures uranium 
hexafluoride breaks down into uranium tetrafluoride and fluorine thus 
creating more election absorbing agents. The uranium hexafluoride was 
also effective in promoting recombination in the plasma. The sheath 
edge positive ion number density as a function of the ratio of the 
uranium hexafluoride number density to the positive ion number density 
at the sheath edge is shown in Figure 16. The results show a decrease 
in positive ion number density of up to 80 percent with the addition of 
uranium hexafluoride. 
The recombination coefficient for argon, with uranium hexa-
fluoride present, could not be calculated because, for reasons noted 
previously, the data were taken at a lower free stream pressure and 
Stagnation enthalpy than were the data for the sulphur hexafluoride addi-
tion. At this lower pressure and enthalpy, the probe boundary layer be-
comes more nearly frozen. If equilibrium in the flow is assumed, the 
free stream ionization would be expected to be 1 x 10~ percent and, 
for the Stagnation conditions, the equilibrium ionization would be ex-
_3 
pected to be 4 x 10 percent. The actual sheath edge ionization mea-
_3 
sured by the electrostatic probe averaged 4.7 x 10 percent indicating 
little, if any, recombination within the boundary layer. The fact that 
the measured ionization was somewhat higher than the calculated free 
stream ionization can be attributed to the imprecision in determining 
the positive ion temperature at the sheath edge and to some residual 
ionization within the plasma caused by initially much higher ionization 
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Addition 
The electron capture cross section for uranium hexafluoride could 
not be determined since the time for electron absorption in the plasma 
was sufficiently long and the effectiveness of the additive was suffi-
ciently high to prevent an accurate determination of this parameter. 
Uranium hexafluoride thus has the same twofold effect as the 
sulphur hexafluoride. The recombination effect causes as much as an 
80 percent reduction in the electron number density and the electron 
absorption effect causes a further reduction in electron number density 
of up to 99 percent. 
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CHAPTER VII 
CONCLUSIONS AND RECOMMENDATION 
The ability of the electrostatic probe theory to determine plasma 
free stream Stagnation temperatures has been experimentally demonstrated 
4 4 
for the enthalpy ränge of 4 x 10 k-cal./kg-mole to 9 x 10 k-cal./kg-
mole and pressure ränge of 15 mm. Hg. to 45 mm. Hg. 
Under these test conditions, however, the probe theory was unable 
to give accurate predictions for the free stream ionization because of 
the recombination within the probe boundary layer. However, if the 
plasma is in equilibrium, then the free stream ionization can be de-
duced from the free stream temperature determined by the probe. For 
the experimental conditions examined, the argon recombination coefficient 
as a function of the free stream static temperature was found to vary 
- 8 3 -9 
from 1 x 10 cm /sec at a static temperature of 6,600°K to 1.9 x 10 
3 
cm /sec at a static temperature of 8,500"K. The recombination within 
the probe boundary layer had a negligible effect on the accuracy of the 
probe temperature predictions because the free stream ionization was 
generally small. If the free stream ionization is increased, however, 
the recombination effect on the temperature predictions would be ex-
pected to increase. 
The experimental data indicate that both sulphur hexafluoride and 
uranium hexafluoride are highly effective electrophilic Compounds. The 
sulphur hexafluoride electron capture cross section as a function of the 
1 f\ 9 
free stream static temperature was found to vary from 3 x 10 cm at 
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6,500°K to 6.5 x 10 cm at 9,000°K for the experimental conditions 
examined. The uranium hexafluoride data were taken under experimental 
conditions which were sufficiently different from those of the sulphur 
hexafluoride to prevent the determination of the uranium hexafluoride 
electron capture cross section. The data for the uranium hexafluoride 
indicate, however, that it is at least as effective as an electrophilic 
Compound as is sulphur hexafluoride. This is probably due in part to 
dissociation of uranium hexafluoride into uranium tetrafluoride and 
atomic fluorine at high temperatures and thus the creation of additional 
electron absorbing particles. 
In addition to being strongly electrophilic, both sulphur hexa-
fluoride and uranium hexafluoride tend to promote recombination within 
the plasma. In the absence of any tendency towards reionization in the 
plasma, the injection of either Compound into the plasma can cause a re-
duction in the positive ion number density to as much as 90 percent 
below the ion number density which would exist if no additive were 
present. 
For future studies, it is recommended that the ability of the 
electrostatic probe theory to predict free stream temperatures and 
ionization levels at additional pressures and enthalpies be studied 
in order to determine the complete ränge of applicability of the electro 
static probe theory. For the cases in which recombination within the 
probe boundary layer becomes unacceptable, it is recommended that the 
diameter of the probe be reduced. This will decrease the time of pass-
age through the probe boundary layer for the ions and thus reduce the 
amount of recombination which occurs. 
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In addition to determining the ränge of applicability of the 
electrostatic probe theory, the ränge of temperatures for which the 
argon recombination coefficient is known can be extended in future 
studies. This can be done by measuring the recombination within the 
probe boundary layer, as was done in the present experiments, or by 
measuring the rate of decrease in the free stream ionization as the 
ionization approaches its equilibrium value from the highly ionized 
State which exists within the plasma jet. 
The ränge of temperatures for which the electron capture cross 
section of sulphur hexafluoride is known can also be extended. For free 
stream temperatures above 9,000°K, where the capture cross section is 
expected to be small, it is recommended that the cross section be deter-
mined by measuring the electron concentration at several axial stations 
in the plasma jet. These measurements will yield the electron concen-
trations as a function of time and thus permit the calculation of the 
electron capture cross section. For free stream temperatures below 
7,000UK, the electron capture cross section is expected to be suffi-
ciently large to virtually deplete the electron population in a time 
period which is too short to permit an accurate determination of the 
capture cross section by the above method. It is therefore recommended 
that, for free stream temperatures below 7,0Q0"K, the method employed 
in the present research be used to determine the sulphur hexafluoride 
electron capture cross section. 
It is also recommended that the electron capture cross section of 
uranium hexafluoride be determined. Since this cross section appears to 
be quite large at plasma temperatures near 5,000°K, the method used in 
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the present research to determine the sulphur hexafluoride electron 
capture cross section should be used when the plasma temperature is 
lower than 5,000°K. For higher plasma temperatures, it may be possible 
to determine the capture cross section by measuring the electron concen-
tration at various axial stations within the plasma jet. 
The electrophilic effects of other additives can be investigated 
using the electrostatic probe. Of special interest would be other pro-
posed uranium carrying gases for gas core nuclear reactors as well as 
gases which might also be highly electrophilic. Also of interest would 
be gases which increase rather than decrease the electron concentration 
within a plasma. A gas of this type would be useful in a magnetohydro-
dynamic generator where a high electron concentration is important. 
In addition to the studies outlined above, it is recommended that 
additional refinements be made to the present theory in order to improve 
its accuracy and extend its ränge of applicability. This can be done by 
rederiving the electrostatic probe equations eliminating the assumptions 
made in the theory. The Solution would involve simultaneous Solutions 
of the flow equations, the electrostatic equations, the chemical reaction 
rate equations, and possibly a more exact analysis of the plasma sheath 
thickness equations. The electrostatic probe theory can also be extended 
to include supersonic flow by accounting for the effects of the normal 
shock upstream of the probe on the ionization level and the pressure 
gradient parameter at the probe surface. 
APPENDIX A 
DERIVATION OF THE STAGNATION POINT 
FLOW EQUATIONS 
The Solutions to the Stagnation point flow equations are presented 
in Chapter II along with an explanation of their use. In this appendix 
a detailed Solution to the Stagnation point flow equations is presented. 
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The Solution is essentially that of Lees and Talbot and is presented 
here for the benefit of the reader. When the present derivation differs 
from those of Lees and Talbot, the difference will be noted. Since the 
assumptions that were made in solving the equations have been discussed 
in detail in Chapter II, they will not be examined extensively here. 
A completely general Solution to the problem of an ionized stag-
nation-point flow containing negative ions would have to consider at 
least a four-component gas containing positive ions, negative ions, 
electrons, and neutral particles and include the rates of reaction and 
interdiffusion between these species. However, if it is assumed that 
[a) the flow in the boundary layer is completely frozen and that (b) 
ambipolar diffusion is the diffusion mechanism outside of the plasma 
sheath then the Solution can be simplified considerably. 
The condition for frozen flow is that the transit time for a 
particle through the boundary layer must be much less than the relevant 
time for recombination. 
Ambipolar diffusion implies that, in the absence of an external 
electric field, the positive ions, negative ions, and electrons all 
diffuse through the plasma at the same rate. This must be the case if 
the plasma condition n. = n + n is to hold. The term ambipolar dif-
^ 1 e n 
fusion is normally used to describe the diffusion process in a plasma 
in which the only charged particles are positive ions and electrons. 
The definition has been extended in this work to include plasmas which 
contain negative ions. Thus, in the boundary layer, outside the sheath, 
the gas may be treated as a mixture of neutral molecules and positive 
ion-negative ion-electron groups which diffuse relative to the neutral 
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which was derived in Chapter II and where u., y , u are the positive 
ion, negative ion, and electron mobilities, and D., D , and D are the 
i n G 
diffusion coefficients. 
The Stagnation point boundary layer flow can thus be considered 
to be a flow composed of a mixture of neutral gas molecules, positive 
ions, negative ions, and electrons where because of charge neutrality 
n. = n + n 
I e n 
(A-2) 
The charged particle group concentration can be defined as 
c = 
p i + pn + pe m.n. + m n + m n l i n n e e 
m.n. + m n + m n + m n 
l i n n e e p p 
m n n. + — n 
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(A-3) 
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where m and n are the masses and number densities of the neutral 
P P 
13 
molecules. Following the work of Lees and using the customary 
boundary-layer notation shown in Figure 17 the conservation equations 
for steady axisymmetric flow can be written as: 
Charged particle concentration 
9c 9c 
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dx 9x 
9 ( du (A-6) 
Energy 
9h 9h 
p U 97 + pV 9y 9y [AT 3yJ 
dp, 




where the subscript 2 denotes conditions in the inviscid flow extemal 
to the boundary layer. The static enthalpy, h, is defined in terms of 
the frozen specific heat c , by 
dh = c dT . 
P 
(A-8) 
It is convenient to also define a "frozen total enthalpy," h , by 
2 








Figure 17. Boundary Layer Notation 
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which is analogous to the total enthalpy of a perfect unionized gas. 
When the momentum equation is multiplied by u and added to the 
energy equation, the terms involving the concentration c drop out when 
the charged particle concentration equation is substituted. Thus 
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is the Prandtl number. To simplify the equations, two new coordinates, 
" 2 fX 
n = r | xp dy 
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a s t ream funct ion ty which s a t i s f i e s the c o n t i n u i t y equat ion by 
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which is chosen such that 
u _ _3f_ _ f, 
u 2 -
: 3n = 
CA-17) 
and 
v = px dx 
L(2s) b+^f • N (A-18) 
are introduced. The relationships 
3x dr) 3s 
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are also introduced. Substitution of Equation (21) into the species 
conservation equation, Equation (4), gives 
3zc 3zc 
u —z— + v 
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(A-23) 
which becomes 
1 3zc 9 z ( V 
2 
9 zc„ 3zc0 ~ 
= p D - ^ • 2 3p 
a 3y2 3y a 3y U ~ + V » 
3x 3y 
(A-24) 
where D is assumed to be independent of y. Substituting Equations 
a 
(17), (18), (19), and (20) into Equation (24) yields 
.. ds !üi _ ds x !ü! = D v
2 p 2 ra2zc 
f ^p-dx 3s dx 2s 8ri a 2s 
0 -. ö Z C 0 ~ > 
| _ 2 + I 2 3p 
[ 2 p 3n dnj ^ ; 
Since 
ds 2 
dT = P2U2 V * 
(A-26) 
Equation (25) becomes 
3zc, 3zc. 
2sf'p2y2^i-- fp2^2 -3rT= V 
3*zc2 + 1_ 3P
 9 Z C2 
3n 
2 p 3n 3q 
(A-27) 
where c is a constant. Also since 
P = 
(2s)^ 3n 
u2x 3y ' 
(A-28) 
3p/3n is given by 
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9£ = J_ (2s ) 
u x 
-h 5H + (
2 s ) 9 n = 3n (2s)
 2 9s = Q 
9y u x 8y9n 3y u x 8n 
(A-29) 
and E q u a t i o n (27) becomes 
. D p J 
2s | i f - fz' - - * - 5-4= 0 
95 V 2 9n
2 
(A-30) 
which simplifies to 
25 |f V ~ fz' " (|z')' = ° (A-31) 
where the definitions 







are used. The term & is the Chapman-Rubesin factor and S is the Schmidt 
number. 
Before substituting the new coordinates into the momentum equation, 
Equation (6), it should be noted that 
dp, du, 
= - Pou dx K2 2 3x ' 
(A-34) 
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Equation (36) becomes 
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2s 
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py (A-39) 
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and substituting the Chapman-Rübesin factor, 1, gives 
, ? 3u 
(£fM) + ff" = - — -rr^-
u2 3s 
rP-
- f (A-40) 
for the transformed momentum equation. 
The energy equation to be transformed is in the form of Equation 
(10). Before making the transformation the relationship 
(A-41) 
t2 
where h _ is the free stream Stagnation enthalpy, is substituted into 
Equation (10) to give 
3h7t2g 3IT g 
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and substituting the new coordinate System yields 
£. ds 3 ht2 g 
dx 3 s 
ds f 3 ht2 g 
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Substituting Equation (34) into Equation (43) yields 
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With h _ a c o n s t a n t and g a f u n c t i o n of n o n l y , E q u a t i o n (44) becomes 
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t 2 L~ 
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( - - 1) f f " (A-45) 
Thus t h e t h r e e t r a n s f o r m e d c o n s e r v a t i o n e q u a t i o n s become 
S p e c i e s c o n s e r v a t i o n 
o 3Z r-, 
25 37 £ 
- fz C | z ' ) = 0 (A-46) 
Momentum 
2s du2 
(Äf") + ff" = - — ^ 
u 2 
r P 2 2 
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2h t 2 a 
(A-48) 
The b o u n d a r y c o n d i t i o n s on f and g a r e 
f (o ) = f ' ( o ) = 0 , 
f ' (oo ) = l , 
(A-49) 
(A-50) 
g(«0 = l , (A-51) 
and for the cold wall case 
?(o) « 1 • (A-52) 
The approximations made by Lees a re s u f f i c i e n t l y accura te for the 
Langmuir probe case and w i l l be in t roduced h e r e . The approximations 
are to take 
l = 1 , (A-53) 
~ö = cons tan t , (A-54) 
and to neglect the pressure gradient terms on the right-hand side of 
the momentum and energy equations. Then, the momentum equation reduces 
to the Blasius equation 
f» + ff" = 0 (A-55) 
and the energy equation becomes 
öf?1 + g"" = 0 . (A-56) 
In the vicinity of the Stagnation point (s << 1), the ion group con-
servation equation with S assumed constant becomes 
z" + Sfz? = 0 . (A-57) 
In general, the approximations inherent in any Langmuir probe theory 
can be expected to introduce errors more serious than those of this 
simplified boundary layer theory, so it is clearly justified to use the 
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Lees approximations which permit explicit Solutions of the problem. 
The Solution to the momentum equation is the ßlasius function, 
which is tabulated in the literature. 
To solve the energy equation, the momentum equation is written 
in the form 
f = - (A-58) 
and the energy equation becomes 
a" — f" 
(A-59) 
Integrating with respect to n gives 
in ;'(n) 
"' < V 








and integrating once again 





Likewise for the ion group conservation equation 






In both equations n is arbitrary and not necessarily the same for each 
equation. 
For the energy equation, if it is assumed that the temperature 
distribution within the boundary layer is undisturbed by the presence 
of the sheath, the lower boundary condition may be applied at ri =0. 
The temperature of the wall is assumed to be known and according to 
25 — 
Cohen and Reshotko * the enthalpy gradient g'(0) is represented quite 
accurately by 
g"'(0) = 0.50 ö"1/3 . (A-64) 
Lees and Talbot use a value of 0.47 for the coefficient in Equation 
(64). This represents the enthalpy gradient when there is no pressure 
gradient in the boundary layer. In this case, there is a pressure 
gradient in the boundary layer and the value of 0.50 is more correct. 
Equation (62) thus becomes 
:(n) = g(0) + 0.50 a1/3 ffCnJI [f"(0)J 
o 
dn . (A-65) 
For the ion group conservation equation, the choices for r) are 
the transformed sheath thicknesses d. or d depending upon the type 
of particles being absorbed at the probe. The probe surface cannot be 
used for n because the assumed conditions of plasma neutrality and 
ambipolar diffusion do not apply for n < r\. . If the sheath thick-
I \ e ,n 
nesses r\. and r| are denoted by the common symbol r\,, Equation (63) 
JL t ? y J 1 Cl 
becomes 
z(n) = z(nd) + z-cnd) f f e j dn (A-66) 
For 
n = (A-67) 
the value of z(n) becomes 
z(n) = i (A-68) 
thus 
z(n d ) = 1 - z
?(>id) J L£"0ljJ dn 
(A-69) 
This equation may be interpreted as follows. I£ both the Charge concen-
tration and concentration gradient at the edge of the sheath are known or 
can be determined, and the transformed sheath thickness is calculated, 
then this equation can be used to determine the Charge concentration c 
at the outer edge of the boundary layer. 
1/3 Talbot uses a value for z' (nj of 0.47 S . This value was 
arrived at by assuming that the sheath is thin enough so that its thick-
ness may be neglected and that, because the charged particles undergo a 
large acceleration in the sheath, the Charge concentration at the probe 
surface is very small. With these two assumptions, Equation (66) becomes 
identical in form to Equation (65) and thus, by similarity, z'(n,) will 
have the same form as g'(0). In the present case, however, the sheath 
is not negligibly thin compared to the boundary layer thickness and 
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thus the above argument is not applicable and the Charge concentration 
gradient at the sheath edge will have to be determined in another 
manner. 
at the edge of the sheath can, in principle, rr-n ! • 8C The g rad ien t •̂— 6 dr\ 
n=nd 
be found by making measurements with varying probe potential to deter-
mine the Variation of c with n in the vicinity of a particular r},. It 
should be noted that, if the ionization is appreciable, the calculations 
may be quite involved because the transformation giving d. in terms 
1, e 
of r), involves the density p which itself is a function of the concen-
tration. However, once these parameters are determined, c~ may be 
calculated by the relationship 





dn . (A-70) 
Some additional approximations are necessary to simplify the 
Solution. As noted by Talbot, these approximations introduce errors no 
worse than those already introduced and thus are consistent with the 
rest of the analysis. 
In the energy equation, Equation (65), the term f"(n) may _f"(0)_ 
be taken equal to unity since f"(ri) varies slowly and the limits of 
Integration are 0 and n, (which is assumed to be small). Also g(0) 
is assumed to be small enough to be neglected. Using these two assump-
tions the energy equation becomes 
g(nd) = 0.50 ä
1 / 3 nd • (A-71) 
At the Stagnat ion po in t of a b lun t body 
u2 = fc>x . (A-72) 
Putting this relationship into the transformation equations gives 
s = J p2ßxu2x dx (A-73) 
or 
P2u2ß 4 
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CA-76) 
Taking the derivative of r\ with respect to y gives 
7^ r p23 P 
dy 
/P2Ü2 
u2 P 2 
(A-77) 
and solving for y gives 
r u 9 ̂  fn p 
y = 
" 2 ^ 0 
2 A 
- d n 
(A-78) 
If the value of n is small and if the ion group concentration in the 
boundary layer is small, then 
P(n) = g(n) . 
(A-79) 
Thus, Equation (78) becomes 
y = 




and if g(n) is assumed to be given by 
g(n) = g'(0)n = 0.50 a1/3n , (A-81) 
Equation (80) becomes 
d. i ; e , n 
l 2 P23j 
H rn 
' d A C A -1/3 0 .50 o T]dr\ (A-82) 
and i n t e g r a t i n g 
d. 
i;e,n 
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(A-84) 
may be used where v, is the velocity before the shock, D is the diameter 
of the probe, and p, and p~ are the gas densities before and after the 
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shock respectively. For the subsonic case the relationship 





TT2 2 3 x (A-85) 
is integrated to give 
(A-86) 
where p and p are the pressure and density at a distance x from the 
center of the probe. If it is assumed that the flow at the edge of 
the boundary layer is a constant density flow, and that the pressure 
drops radially from the Stagnation pressure p at x = o to the free 
stream static pressure p~ at x = D /2; i.e., at the edge of the probe, 
then Equation (86) becomes 
2_ A Po ' P2 
D / p 
o 'o 
(A-87) 
Equations (70), (71), (83), and either Equation (84) or Equation 
(87) are used in the manner described in Chapter II to determine the 
free stream Stagnation temperature and ionization level once the plasma 
temperature and ionization at the edge of the plasma sheath has been 
determined. The electrostatic probe theory which was used to determine 




DERIVATION OF THE ELECTROSTATIC PROBE EQUATIONS 
In Chapter III, the electrostatic probe theory was briefly 
summarized and the rational for selecting a simple and easily used 
theory was presented. A more detailed derivation of the electrostatic 
probe theory will be presented in this appendix. 
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The basic theory is that of Hung and Paquette which is a modi-
fication of the theory originally developed by Langmuir. According to 
Langmuir's original theory, the plasma can be divided into two distinct 
regions, a sheath adjacent to the probe surface where charged particles 
of predominately one sign are present, and the undisturbed plasma which 
maintains its Charge neutrality. The current collected by the probe is 
supplied by gas kinetic diffusion across the plasma-sheath interface and 
is space-charge limited within the sheath. It was further assumed that 
the sheath thickness is small compared to an ionic or electron mean free 
path, so that the velocities of the charged particles are given by the 
free fall relations and no ionization, recombination, or Charge exchange 
occurs within the sheath. 
The present problem is that of a plane probe in a steady con-
tinuum flow in which the electric field points only in the x-direction 
and is given by 
E - - g CB-1) 
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where E is the electric field in the x-direction and cf) is the electric 
potential which is assumed to be zero in the plasma. It is also assumed 
that although the sheath thickness is larger than the particle mean free 
path no ionization, recombination, or Charge exchange occurs within the 
sheath. For this particular case, the Boltzmann equation is given by 
u | f _ e Z d £ 3 f 
dx m dx du 
where u is the particle velocity in the x-direction, e is the electronic 
Charge, Z is the number of net electronic charges per particle, m is the 
particle mass, and f is the particle distribution function. If the 
function f is assumed to be given by 
f = fx(x,u)fy(y,v)fz(z,w) (B-3) 
where v and w are the particle velocities in the y and z directions 
respectively, then equation (2) becomes 
3 f 7 AA 9 f 
u x _ eZ_di x = Q (ß_4] 
dx m dx du 
In addition, if f (x,u) is assumed to be given by 
x 
fx(x,u) = F(u)G(x) (B-5) 
then Equation (4) becomes 
c dG eZ d̂> dF f „ 
uF -, -r- -T— G = 0 (B-61 




dx 1 dF 1 
„_ dd> mu du F 
e Z G d T 
(B-7) 
Since G and F are independent , Equation (7) can hold only i f both s ides 
of the equat ion are equal to a cons t an t . Thus 
] = -b CB-8) 
eZG £fc dX dx 
and 
- L £ ± - -b . (B-9) 
mu du F 
Equation (8) becomes 
1 dG , „ d<f> rn i r o 
or 
An G = - beZcj) - £n — (B- l l ) 
a l 
where a.. i s a cons t an t . Equation (11) becomes 
-beZ<|) 
G = a e T . (B-12) 
Equation (9) becomes 
dF 





in¥ = - bm \ - - In — (B-14) 
2 a2 
where a? is a constant. Equation (14) becomes 
2>) , ,mu 
•b 
'- ) 
F = a2e . (B-15) 
S u b s t i t u t i n g Equations (12) and (15) i n t o Equation (5) y i e l d s 
2 
, ,mu „ . . 
- b ( — + ez<f>) 
f x (x ,u ) = a3e (B-16) 
where 
a„ = a, a„ . (B-17) 
In the other directions, there is no contribution from the 
electric field and thus f (y,v) and f (z,w) are Maxwellian distributions 
y z 
Equation (3) thus becomes 
2 
, .mu . L m w 2 2. , 7 x 
- b ( — ) - 2"(pjr) (v + w ) - beZ<J> 
I = ae (B-18) 
where a is the combined value of a^ and the constants from f (y.v) and 
3 y w 
fzCz,w). 
When there is no electrical potential between the probe surface 
and the plasma, 
cj) = 0 (B-19) 
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and t h e d i s t r i b u t i o n f u n c t i o n i s M a x w e l l i a n . Hence 
b = Ff (B-20) 
and 
a = n 
m ) 3 / 2 
2TTkT 
(B-21) 
t h u s g i v i n g 




rmV + 2eZ(f) . 
" l 2kT J 
(B-22] 
where k i s t h e Boltzmann c o n s t a n t , T i s t h e t e m p e r a t u r e of t h e p a r t i c l e s , 
n i s t h e u n d i s t u r b e d p a r t i c l e number d e n s i t y , and 
77-2 2 2 2 
V = u + v + w (B-23) 
E q u a t i o n (22) i s a g e n e r a l e q u a t i o n f o r t h e p a r t i c l e d i s t r i b u -
t i o n f u n c t i o n . I f t h e p l a s m a i s assumed t o be s i n g l y i o n i z e d and t o 
c o n t a i n p o s i t i v e and n e g a t i v e i o n s as w e l l as e l e c t r o n s , t h e n t h e 
d i s t r i b u t i o n f u n c t i o n s f o r each s p e c i e s become 
r 1 w 2 - ( T m V 
2 e e 
e<j>) 
f = n 
f m_ ^ 3 / 2 





m. > 3/2 
n o i 27TkT. 
^ iJ 
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- ( i - m V 2 - e<JO ^2 n n 
, m >3/2 kT 
£ = n . L^ n o i 2TTkT 
v n ; 
n (B-26) 
where the subscripts e, i , and n indicate propert ies of the e lect rons , 
posi t ive ions, and negative ions respect ively. 
Within the sheath, the pa r t i c l e number density i s obtained by 
integrat ing the pa r t i c l e d is t r ibut ion functions over a l l possible 
ve loc i t i e s . The electron number density becomes 
n = f du dv dw (B-27) 
or 
_oo _ o o _ o o 
- (Im e V e
2 - ej) 
m 3/2 FF 
I viikf e e d u " (B-28J 
— CO —00 —OO 
which integrates to 
e(j) 
kT 
n = n e e . (B-29) 
e oe 
Likewise, the positive and negative ion number densities within the 
sheath are given by 
kT. 
l 




n — n e n on 
(B-31) 
The electrical current to the probe surface is obtained by integrating 
the product of the particle distribution, the Charge per particle, and 
the particle velocity over all possible velocities towards the probe. 
The electron flux thus obtained is given by 
j = - e Je u f du dv dw e 
_oo _oo _oo 
or 




-(KVe2 - e^ 
kT 
(B-32) 
du dv dw (B-33) 
-OO -OO - 0 0 




e / e e 
- n — / e 
oe 4 / um 
(B-34) 
Likewise, the positive and negative ion currents are given by 
and 
/8kT. kT. e / i I 
i . = n . — / e 
Ji oi 4 / TTm. 
l 
e$ 
/8kT~ kT e / n n 
j = - n — / e 




Equations (29) through (31) and (34) through (36) are correct for 
the case in which the probe surface is insulated and no charged particles 
are absorbed by the probe. In actuality, however, any charged particle 
120 
contac t ing the probe surface w i l l be n e u t r a l i z e d and hence t h e r e w i l l be 
maximum values for the p a r t i c l e number d e n s i t i e s and the magnitudes of 
the p a r t i c l e c u r r e n t s . These maximum values are the va lues a t the plasma 
sheath edge. The sheath edge i s defined as the loca t ion d o s e s t to the 
c o l l e c t i n g e l e c t r o d e in which the e l e c t r i c a l p o t e n t i a l i s equal to the 
plasma p o t e n t i a l . For the purpose of t h i s d e r i v a t i o n the plasma poten-
t i a l has been assumed to be equal to zero . The l i m i t i n g cu r ren t v a l u e s , 
known as the S a t u r a t i o n c u r r e n t s , are thus given by 
/8kT n e c 
e / e oe e rn „_. 
3 = - n — / = , (B-371 
J e s oe 4 / irm 4 J 
/8kT. n . e c. 
e / i oi I rr> T O . 
n . — / — = -. , (B-38J 
j . = o i 4 / TTm. 4 
i s i 
and 
/8kT n e c 
n s o n 4 / T T m 4 
n 
where c , c . , and c are the average speeds of the e l e c t r o n s , p o s i t i v e 
i o n s , and nega t ive ions r e s p e c t i v e l y and are given by 
/8kT . 
c . = I e ' 1 , n . (B-40) 
e , i , n / TTm . v J 
e , i , n 
For any given probe potential, the net current to the probe is 
given by the sum of the individual particle currents at the probe sur-
face. Since the magnitudes of the particle currents cannot exceed the 
magnitudes of the currents which flow when the probe potential is equal 
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to the plasma potential, the equations for the net current to the probe 
surface depend upon whether the probe potential is positive or negative. 
For the case in which the probe potential is negative, the net 





n . e c n e c kT n e c kT 
01 1 oe e e on n n 
(B-41) 
where <J) is the probe potential. When the value of ecj) /kT is strongly 
negative, Equation (41) becomes 
n . e c . 
Ol 1 
J = A = J IS 
(B-42) 
Thus, for strongly negative probe potentials, only the positive ion 
Saturation current reaches the probe surface. For less negative probes, 
the electron and negative ion contribution to the net current begins to 
increase and to cancel the positive ion contribution to the current. 
At some probe potential, called the floating potential, the electron 
and negative ion contribution to the net current exactly cancels the 
positive ion contribution and no net current flows to the probe. If 
the floating potential is negative, then Equation (41) becomes 
or 
ec}) 
n . e c . n e c kT 
oi I oe e e 
0 = -A -. e 
ecf)f 
n e c" kT 




n . c. n c kT 
O l i on n n e 
n c n c 
oe e oe e 
(B-44) 
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where cpf i s the f l o a t i n g p o t e n t i a l . Sub t r ac t i ng Equation (38) from 
Equation (41) y i e l d s 
ecb ecp 
_ _ £ _ _ E 
n e c kT n e c kT oe e e on n n ,D , n 
j + j . = - e - e (B-45) 
J J i s 4 4 
and tak ing the abso lu t e value and then the n a t u r a l logari thm of Equation 
(45) y i e l d s 
M j-J i s 
n e c 
o o e e o 
in ; + Jü,n 
ecp 
kT n c kT e on n n e + e 
n c oe e 
(B-46) 
Taking the d e r i v a t i v e of Equation (46) with r e s p e c t to cp y i e l d s 
d Ä n | j - j . 





kT n c 
e on n e + 
ecp 




n c oe e 
(B-47) 
For the case in which the probe potential is positive, the net 
current to the probe is given by 
1 = n . — c. e J oi 4 l 
ecp 
E. 
kT. n e c n e c 
e — I oe e - on n (B-48) 
When the value of ecp /kT. is strongly positive, Equation (48) becomes 
J = -
n e c n e c 
oe e on n 
. + 
= 3 + J Jes ns 
(B-49) 
Thus, for strongly positive probe potentials, only the electron and 
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negative ion Saturation currents reach the probe surface. For less 
positive probe potentials, the positive ion current increases and 
partially cancels the electron and negative ion current. Normally the 
positive ion current does not become large enough to completely cancel 
the electron and negative ion Saturation currents, but when this occurs 
the floating potential is given by 
( kT. 
£n 
n . c. 
Ol 1 
[n c + n 
oe e on n 
(B-50) 
Subtracting Equations (37) and (39) from Equation (48) yields 
e(b 
_ "__£. 
n . e c. kT. 
Ol 1 1 
J - J ~ J = A e 
J Jes Jns 4 
(B-51) 
and taking the natural logarithm of Equation (51) gives 
n . e c. eo 
J Jes Jns; 4 kT. 
(B-52) 
Taking the derivat ive of Equation (52) with respect to (j) gives 
3 T £ n ( j " jes " j ns } = " kfT 
P i 
(B-53) 
Solving Equation (53) for T. yields 
T. = - f-






In theory, once an electrostatic probe has been used to determine 
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the plasma c u r r e n t - v o l t a g e c h a r a c t e r i s t i c , Equations (41) , (47) , (48 ) , 
and (54) along with the assumption t ha t 
T. = T , (B-55) 
i n ' 
within the plasma, and the relationship 
n . = n + n (B-56) 
oi oe on 
can be used to solve for n . , n , n , T. , T , and T at the sheath 
oi oe on I e n 
edge. In practice, this is often not possible because of the very low 
mass of the electrons compared to the masses of the positive and nega-
tive ions. This very low mass causes the average electron speed to be 
much higher than the average speed of either the positive or negative 
ions. Thus, unless the positive ion number density is very much greater 
than the electron number density, the electron Saturation current is 
several times that of the positive ions. When this occurs, determining 
the value of the term j - j - j found in Equation (54) is practically 
impossible and thus Equation (54) cannot be used in the Solution. When 
this occurs, one additional equation is needed to solve for the plasma 
conditions at the sheath edge. 
When it is known that no negative ions exist within the plasma, 
the additional equation needed is 
n = 0 (B-57) 
on ^ J 
and Equation (56) becomes 
n . = n . (B-58) 
oi oe K J 
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The positive ion temperature is then obtained from Equation (44) which 








where c. and c are given by Equation (40). 
When negative ions are present within the plasma, the tempera-
ture or particle number density of either the positive or negative ions 
must be known in order to determine the remaining parameters. This 
information must be obtained independently from the electrostatic probe 
theory. 
In general, the electrostatic probe theory presented in this 
appendix permits a Solution for the six unknowns at the sheath edge 
n ., n , n , T., T , and T through the use of Equations (41) , (47) . 
oi' oe* on' i' e n 6 n *• J 
(48) , (55), and (56) together with either Equations (54) or (57) or 
independently determined values for the positive or negative ion tempera-
tures or number densities. 
APPENDIX C 
DERIVATION OF THE SHEATH THICKNESS EQUATIONS 
In Chapter III, the sheath thickness was introduced into the 
electrostatic probe theory as an important parameter. The current-
voltage characteristic of the electrostatic probe yields the plasma 
conditions at the sheath edge and these conditions must be corrected 
for the effects of the probe boundary layer before the free stream 
conditions can be determined. Since the plasma conditions within the 
probe boundary layer change rapidly with distance from the probe surface, 
knowledge of the actual sheath thickness is important. 
The sheath thickness equation derivation presented in this appen-
3 20 
dix is based upon the works of Cohen and of Toba and Sayano. Cohen 
derived the sheath thickness equations for a spherical probe in a con-
tinuum plasma in which a Variation between the electron and positive ion 
temperatures was permitted. Toba and Sayano derived the equations for 
a planar probe in which the electron and positive ion temperatures were 
identical. Both works assumed that no negative ions were present in the 
plasma and both works divided the sheath into an ambipolar diffusion 
region in which Charge neutrality was maintained and a space Charge 
region in which Charge neutrality was no longer maintained. In both 
cases, the Solutions to the equations in the ambipolar diffusion region 
were obtained in a closed form while the Solutions to the equations in 
the space Charge region required detailed numerical trial and error 
techniques. 
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The derivation presented in this appendix is for a planar probe 
and accounts for the presence of negative ions in the plasma sheath but 
neglects the thickness of the Space Charge region. Since numerical 
calculations by Cohen and Toba and Sayano show the Space Charge region 
thickness to be no more than 5 percent of the total sheath thickness, 
the thickness of this region can be neglected without greatly affecting 
the accuracy of the sheath thickness calculations. By neglecting the 
space Charge region, however, an excessive amount of computation can 
be eliminated in the calculation of the electrostatic probe sheath 
thickness. 
In the absence of charged particle production, the basic flux 
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i dx li dx 
~ r. = o 
dx l 
(C-l) 
for the electrons 
A ( dn ,i 
d n e — d© 
j— - D - J — + u n -=-*-
dx e dx e e dx 
l 
T - T = o 
dx e 
CC-2) 
and for the nega t ive ions 
_d_ 
dx 
. D - r L + ü n & 
n dx n n dx 
= ~ V = 0 
dx n (C-3) 
where the subscripts i, e, and n indicate properties of the positive 
ions, electrons, and negative ions respectively. The diffusion and 
mobility coefficients are given by D and u respectively, Y is the net 
particle flux, n is the particle number density, <J> is the electric 
field potential, and x is the distance normal to the probe surface. 
The diffusion and mobility coefficients are related by the Einstein 
relation which gives 
D = ^ - y (C-4) 
The particle number densities are related to the electric field 
potential by Poisson's equation which gives 
92(j) e 
— £ = - £- (n. - n - n ) (C-5) 
a 2 K i e n 
ox o 
where K is the permittivity of a vacuum. 
The flux equations may be integrated once to give 
dn. ,, 
- D. - r ^ - u .n . f±£ = r . , (C-6) 
i dx 1 1 dx 1 ' ^ J 
_ D ^ £ + 7J n M = 
e dx e e dx e v 
and 
. D ^ + y n ä i = r . cc-8] 
n dx n n dx n 
To simplify these equations, the following substitutions are made. 
Let 
T 
















N = e (l-a)n ' J o 
(C-13) 





where X, is the Debye length based upon the positive ion temperature, 
n is the positive ion number density at the sheath edge, and a is the 
positive ion mean free path. The coefficient a is the ratio of the 
negative ion number density at the sheath edge n , to the positive ion 
number density at the sheath edge and is given by 
no (C-16) 
Substituting these parameters into Equation (6) yields 
- D 





1 0 1 d(aC) 
= r. CC-17) 
or 
- D.n dN. n y. k T. 
-A^ _2_ + _^ -1 i. N. ^ = T. (C-18) 
a de a e 1 de 1 
and substituting Equation (4) into Equation (18) yields 
dN. 
i + N. % = r. ^— . (C-19) 
de i dC i D.n J 
^ 10 
Substituting Equation (4) and Equations (9) through (15) into 
Equation (7) yields 
(1_a) f f + i ^ N % = - r ^ 5 - . (C-20) 
dC e e de e D n K J 
Substituting Equation (4) and Equations (9) through (15) into 
Equation (8) yields 
D et n dN e D a n N k T . , 
_J2 ° _ü + __!L °_H _ A iy_ 
a de kT a e de n ' l J 
If i t i s assumed t h a t 
T = T. (C-22) 
n I K J 
Equation (21) becomes 
dN 
a n + ou ^ = - r ^ . (C-23) 
de n de n D n * ' 
n o 
Substitution into Poisson's equation yields 
'x/!2 a 
de2 
[N, - (l-a)N - oN ] ^ J e nJ (C-24) 
In the continuum case with ion temperatures less than 10 °K 
« 1 . (C-25) 
Equation (24) thus becomes 
N. - (l-a)N - oN = 0 
I e n 
(C-26) 
and hence the quasi-neutral Solution is 
N. = N = N = N 
l e n 
(C-27) 
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Substituting Equation (27) into Equation (19) yields 
dN . N iL = _
 r i a 




Multiplying Equation (29) by ( + et) and adding the result to 
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At the probe surface, £ = 0, the boundary condition i s that 
N = 0 CC-31) 





+ a + 1 
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r.a r a r a 
i e n 
+ + 
D.n D n D n 
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dC (C-32) 
which becomes 
N = -1 
1-a + a + 1 
1-a 
+ a hL 
D.n 
1 0 








When the probe potential is equal to the plasma potential, the 






r 1-a — r = - —r— n c , eo 4 o e (C-35) 
and 
P a -F = - — n c 
no 4 o n (C-36) 
where c., c , and c are the average particle velocities of the positive 
ions, electrons, and negative ions respectively at the sheath edge. The 
positive ion mean free path is given by 
/2 n Q. 
P i 
(C-37) 
where Q. is the average collision cross section between the positive 
ions and the neutral particles and n is the average number density of 
the neutral particles within the sheath. Collisions between the charged 
particles can be neglected for low ionization levels, as in the current 
experiments; however, at higher ionization levels the collision cross 
section must include the effect of collisions between the charged 
particles. Within a plasma or a plasma sheath, the determination of 
the diffusion coefficients is complicated by the presence of the charged 
particles. The diffusion coefficients are dependent upon the number 
densities and binary diffusion coefficients of all of the charged 
species present within the plasma. For plasmas of low ionization levels 
however, the diffusion coefficients are very close in value to the bi-
nary diffusion coefficients for each species. Equations for the dif-
27 
fusion coefficients have been determined by Devoto for approximations 
up to the fourth level; however, in keeping with the previous approxi-
mations made in this work, only the first approximations to the binary 
diffusion coefficients will be used in this derivation. The diffusion 
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where m., m , m are the reduced masses for collisions between the 
1 e n 
neutral particles and the positive ions, electrons, and negative ions 
respectively and Q and 0 are the average collision cross sections be-
tween the neutral particles and the electrons and negative ions re-
spectively. Equation (33) implies that the diffusion coefficients are 
constants within the sheath since they are taken outside of the Inte-
gration. However, as shown by Equations (38) through (40) the diffu-
sion coefficients vary with the neutral particle number density and 
collision cross section. Since the temperature varies throughout the 
boundary layer, the diffusion coefficients would be expected to vary 
within the sheath and consequently an average value for the diffusion 
coefficients must be used. Since n , Q. , Q , and 0 are defined as 
average quantities, an average particle temperature should also be used. 
The positive and negative ion temperatures are assumed to be equal to 
the neutral particle temperature within the sheath while the electrons 
are assumed to maintain a constant temperature because their low mass 
causes a reduction in the energy transfer during the collision process. 
Consequently, the average electron temperature used in Equation (39) 
will be the electron temperature at the sheath edge and the average 
temperatures T. and T used in Equations (38) and (40) will be the 
plasma temperature found at one-half of the sheath thickness. 
For the positive ions, the reduced mass is given by 
m.m 
in. = i-E_ (C-41) 
I m. + m 
i P 
where m is the mass of a neutral particle. When the masses of the 
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E q u a t i o n (43) becomes 
3TT C. 
D. = i 1 
IT. 1 
i a 
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e m + m 
e p 
CC-47) 
Since the neutral particles are very much more massive than the 
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electrons, Equation (47) becomes 
m = m 
e e 
(C-48) 




e 32n TT m 
(C-49) 
e ' 
where T i s the e l e c t r o n temperature a t the sheath edge. Since 
c = e 
f8kT Y2 
e 
l TT m 
e ' 
(C-50) 
Equation (49) becomes 
3TT C 
32n Q 
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(C-52) 
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Equation (54) becomes 
D = n 32n 
3TTC (m + m 
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l P n 
^n 
(C-57) 
Combining Equations (34) and (46) y i e l d s 
- -r n c . 16 
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(C-58) 
when the probe potential is equal to the plasma potential. The positive 






is introduced to give 
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r . a 
1 








Combining Equations (35) and (52) y i e l d s 
r a - t 1 ^ n c 32 Q 
eo _ 4 o e x e 
D n _ pr — — 
e o 3/2 TT c n Q. 
e o x i 
(C-61) 





y i e l d s 
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(C-63) 
Combining Equations (36) and (57) y i e l d s 
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S u b s t i t u t i n g E q u a t i o n s ( 6 0 ) , ( 6 3 ) , and (66) i n t o E q u a t i o n (33) 
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The sheath thickness, C * is found by setting n = 1 giving 
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(C-69) 
E q u a t i o n (69) i s a g e n e r a l e q u a t i o n f o r t h e s h e a t h t h i c k n e s s 
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and can be used in any continuum plasma in which the molecular proper-
ties of the ions and neutral molecules are known. In the present work, 
the positive ions and the neutral particles were argon ions and molecules 
and the negative ions were either sulphur hexafluoride or uranium hexa-
fluoride ions. By noting certain relationships between these species' 
properties, further simplification to Equation (69) can be made. The 
first term in the denominator of Equation (69), (T./T. )h [(l-a)/e 
x x a 
+ a ] J . , can be s i m p l i f i e d i f the r a t i o between T. and T. i s known. In J i* r x xa 
Appendix A, the plasma temperature nea r the probe sur face i s shown to 
be p r o p o r t i o n a l t o the square roo t of the d i s t ance from the probe sur -
face . Since T. i s the temperature found at one-ha l f of the sheath 









= 4 / 2 = 1.189 (C-71) 





+ a = 1.189 I — + a x i e 
(C-72) 
lor the first term in the denominator of Equation (69). 
The third term in the denominator of Equation (69) is given by 
and i t can a l so be s i m p l i f i e d . The nega t ive ion temperature r a t i o i s 
the same as t h a t of the p o s i t i v e ions thus 
T 
l n a J 
= 1.189 (C-73) 
The r a t i o [m/ (m + m )]% depends upon the molecular weights of the 
n e u t r a l p a r t i c l e s and the nega t ive i o n s . For the p r e sen t exper iments , 
the n e u t r a l p a r t i c l e s were argon atoms with an atomic weight of 40 and 
the nega t ive ions were e i t h e r su lphur hexaf luor ide ions with a molecular 
weight of 146 or uranium hexaf luor ide ions with a molecular weight of 
352. Hence for the plasmas with the su lphur hexaf luor ide a d d i t i v e 
m 
m + mcn 
l P S F , 
40 ^ 
40 + 146 
= 0.464 CC-74] 
and for the plasmas with the uranium hexa f luo r ide add i t i ve 
m 
l P S F , 
40 
40 + 352 
= 0.320 (C-75) 
where the subscripts SF, and UF indicate that the negative ions are 
sulphur hexafluoride and uranium hexafluoride ions respectively. 
The collision cross sections for sulphur hexafluoride and uranium 
hexafluoride are known for temperatures near 300°K but little Information 
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2 8 
i s a v a i l a b l e for tempera tures above 1000°K. Svehla has determined 
the low-ve loc i ty c o l l i s i o n diameters for argon, su lphur h e x a f l u o r i d e , 
and uranium hexaf luor ide and found them to be 
aA = 3.542 A , Ar (C-76) 
a c_ = 5.128 A , 
S F 6 
(C-77) 
and 
öTIT, = 5.967 A Uiv 
0 
[C-78) 
Using these values, the low-velocity collision cross sections for 
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0 = TT 
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 + öAr 
= TT 
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A" = 71.1 A" (C-80) 
and the argon c o l l i s i o n cross s ec t ion i s given by 
— 2 °2 
n = TT o = 39.5 A . (C-81) 








= 1.80 . (C-83) 
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A comparison of the argon viscosities determined by Devoto * and 
30 
Bromley and Wilke with the sulphur hexafluoride viscosities determined 
31 28 
by Frost and Liebermann and Svehla and also with the uranium hexa-
28 
fluoride viscosities determined by Svehla indicates that for tempera-
tures up to 6000°K the ratios in Equations (82) and (83) remain valid. 
Since, in the present experiments, the temperatures within the plasma 
sheath were always below 6000°K, the ratios in Equations (82) and (83) 
are considered sufficiently accurate to be used for all of the sheath 
thickness calculations. 
Combining Equations (73), (74) , and (82) yields for the third 











J = 1.16 a J 
n n 
(C-84) 
when the e lec t rophi l ic additive is sulphur hexafluoride. Combining 




m + m l P n 
h \ n 
Qi Tna 
J = 0.97 a J n n (C-85) 
for the third term in the denominator of Equation (69) when the 
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e lec t rophi l ic additive is uranium hexafluoride. 
Substi tuting Equations (72) and (84) into Equation (69) yields 
1-a . 
+ a + 1 _ 
3TT 5 = = =f CC-86J 
Q 
J. + /2 ( l - a ) — J + 1.16 a J 
Q. e 
^ 1 
) | — + a 
for the sheath thickness equation when the electrophilic additive is 
sulphur hexafluoride. Substituting Equations (72) and (85) into Equation 
(69) yields 
1-a 
+ a + 1 -
3TT 
3 1 — + a 
C = = ~ (C-87) 
Q 
J. + /J(l-a) — J + 0.97 a J 
Q. e 
for the sheath thickness equation when the electrophilic additive is 
uranium hexafluoride. 
During the data reduction process, the ratio of the positive ion 
Saturation current to the negative particle Saturation current was used 
in the floating potential calculations to determine the positive ion 
temperature from the electron temperature. The Saturation currents used 
in determining this ratio were those which existed when the probe poten-
tial equaled the plasma potential and, as a consequence, the resulting 
particle temperatures and concentrations were also those which existed 
at the sheath edge when the probe potential was equal to the plasma 
potential. This was done in order to avoid calculations to determine 
the values of J., J , and J which involved determining which part of 
I e n & r 
the negative pa r t i c l e current was due to the electrons and which part 
was due to the negative ions. Because the resul t ing temperatures and 
concentrations were equal to those at the sheath edge when the probe 
potent ia l was equal to the plasma po t en t i a l , the values of J. , J , and 
J could each be taken to be unity and consequently the sheath thickness 
equations became 
1-a n i + a + 1 
3TT r = S: _ ^ (C-88) 
r, > Q 




when the e lec t roph i l i c additive was sulphur hexafluoride and 
1-a 
+ a + 1 
3TT 
r = _ ^ 1 (C-89) 
Q 
+ /2"(l-a) — + 0.97 a 1.189 i ^ + a 
Qi 
when the electrophilic additive was uranium hexafluoride. 
Since £ is the ratio of the sheath thickness to the positive 
ion mean free path, the sheath thickness can readily be determined from 
Equation (88) or (89) once the plasma temperature and particle number 
density is known at the sheath edge. These parameters can be deter-
mined by using the electrostatic probe equations derived in Appendix B. 
The cross sections for collisions between the electrons or the argon 
ions and the neutral argon atoms are also needed to employ either 
29 





The results of the experimental test program are presented in 
Chapter VI. The purpose of this appendix is to present the data reduc-
tion procedure in more detail. The method by which the data were re-
duced depended upon whether the accuracy of the electrostatic probe 
theory or the effectiveness of an electrophilic additive was being 
determined. When the accuracy of the probe theory was being checked, 
the plasma temperature at the sheath edge could be determined by use of 
the electrostatic probe theory presented in Appendix B. Since the 
boundary layer parameters depended upon the free stream temperature, an 
iterative process was needed to determine the free stream temperature 
from the sheath edge temperature. A free stream Stagnation temperature 
was assumed and used to determine the boundary layer parameters. 
These parameters were then used to convert the sheath edge tempera-
ture into a free stream Stagnation temperature. This new Stagnation 
temperature was then compared with the assumed temperature; and, if 
the two values were not sufficiently close, a new free stream Stag-
nation temperature was assumed and the process continued until sufficient 
convergence was achieved. 
When the effectiveness of an electrophilic additive was being 
determined, the plasma temperature at the sheath edge could not be 
determined through use of the electrostatic probe theory because the 
negative ion concentration was unknown. To determine the negative ion 
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concentration, a heat balance was used to determine the free stream 
Stagnation temperature. This temperature was then used to determine 
the actual boundary layer parameters. A ratio of electron to positive 
ion number densities was assumed and the electrostatic probe theory was 
used to determine a corresponding sheath edge temperature. The actual 
boundary layer parameters were then used to convert this sheath edge 
temperature into a free stream Stagnation temperature and this tempera-
ture was compared to the actual free stream temperature. The assumed 
ratio of electron to positive ion number densities was then iterated 
until the calculated free stream Stagnation temperature and the actual 
free stream temperature were sufficiently close. When convergence was 
achieved, the calculated sheath edge temperature could be used to deter-
mine the remaining sheath edge parameters such as electron and ion 
number densities. These methods of data reduction are illustrated in 
the sample calculations presented below. 
Data Reduction with No Negative Ions 
Figure 18 shows a typical current-voltage characteristic curve for 
the case in which the only charged particles within the plasma are posi-
tive ions and electrons. The absolute value of the current to the col-
lecting electrode is shown so that the magnitudes of the Saturation cur-
rents may be more easily compared. The positive ion and electron Satur-
ation currents are not constant with probe potential because of the 
growth of the plasma sheath thickness as the probe potential differs 
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Figure 18. Current-Voltage Characteristic for No Electron Absorption 
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je = j - Ji . O - D 
where j is the net current to the collecting electrode and j and j. are 
the electron and positive ion currents to the electrode respectively, is 
used to determine the electron current as a function of probe potential. 
For probe potentials which are less than the plasma potential, the posi-
tive ion Saturation current, j. , is used in place of j. in Equation (1) 
For probe potentials greater than the plasma potential, the positive ion 
current is sufficiently small compared to the electron current so that 
it may be neglected in Equation (1). 
Figure 19 shows the electron current to the collecting electrode 
as a function of the probe potential. The plasma potential, (j) , is 
indicated by the sharp change in the slope of the electron current. 
When the probe potential is less than the plasma potential, the slope 
of the electron current is given by 
d in j I 
—w~ = w- c°-2) 
e 
where cf) is the probe potential, e is the electronic Charge given by 
e = 1.60 x 10"19 coulomb , (D-3) 
k is the Boltzmann constant given by 
k = 1.38 x 10"16 erg/°K , (D-4) 
and T is the electron temperature. In the present example, the slope 
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Figure 19. Electron Current for No Electron Absorption 
d in\j | 
_ ^ _ = ^ _ = 1.527 v o l t s " CD-5) 
e 
and hence 
T = 7600°K (D-6) 
e 
The f l o a t i n g p o t e n t i a l , <j>~, i s the p o t e n t i a l , r e l a t i v e to the 
plasma p o t e n t i a l , a t which no ne t cu r r en t flows to the c o l l e c t i n g e l e c -
t rode and i s given by 
4>f = <J>0 - <J>p ( ° -
7 ) 
where 0 is the probe potential at which no net current flows to the 
collecting electrode. The condition of no net current to the probe im-
plies that the positive ion current is equal to the electron current. 
The positive ion Saturation current is also shown in Figure 19 and the 
value for 0 would normally be the probe potential at which the curves 
for the positive ion Saturation current and the electron current inter-
sect on the figure. In order to simplify the calculations for the sheath 
thickness, however, a slightly different value for $ was used, as was 
noted in Appendix C. The value for <j) was chosen to be the probe poten-
tial at which the electron current equalled the positive ion current 
which flowed when the probe was at the plasma potential. In the present 
example, the positive ion Saturation current at the plasma potential is 
equal to 2.00 ma, and the probe potential at which the electron current 
is equal to -2.00 ma is -1.48 volts. Hence 
\> = -1.48 volts . (D-8) 
From Figure 19 the plasma potential is seen to be 
= 2.30 volts , (D-9) 
and hence the f l o a t i n g p o t e n t i a l given by Equation (7) i s 
= -3 .78 v o l t s . (D-10) 
The relationship between the floating potential and the positive ion 





where c. and c are the average speeds of the positive ions and the 
electrons respectively at the plasma sheath edge and kT /e is given by 
t? 






T m. e I 
(D-12) 
where T. i s the p o s i t i v e ion temperature a t the plasma sheath edge and 
m and m. are the masses of the e l e c t r o n s and the p o s i t i v e ions r e spec -e I f f 
t i v e l y . Solving Equations (11) and (12) for the p o s i t i v e ion tempera-
tu re y i e l d s 
m. 
T. = T — exp 





The mass of an argon ion is given by 
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m. = 6.65 x 10~ 2 3 gm (D-14) 
1 
and the mass of an e l e c t r o n i s given by 
ra = 9.1 x 10 2 8 gm (D-15) 
e 
hence Equation (13) yields 
T. = 5345°K (D-16) 
l 
for the sheath edge positive ion temperature. 
At the plasma potential, the positive ion Saturation current is 
given by 
j. = 2.00 ma . (D-17) 
The p o s i t i v e ion number dens i ty i s given by 
4 j . Arm. 
ni = IT" /wt (D-18^ 
W 1 
where A i s the cross s e c t i o n a l area of the c o i l e c t i n g e l e c t r o d e and i s 
-2 2 
equal to 1.822 x 10 cm . The p o s i t i v e ion number dens i t y i s thus 
n. = 1.66 x 1 0 1 3 HILL . (D-19) 
l 3 
cm 
The Stagnation pressure at the probe surface is given by 
p = 40.0 mm Hg (D-20) 
and the total particle number density at the sheath edge is given by 
n = i f (D-21) 
1 
and thus from Equation (21) 
n = 7.20 x 10 1 6 cm"3 . (D-22) 
At the sheath edge, the plasma particles are positive ions, electrons, 
and neutral gas particles and hence 
n = n. + n + n (D-23) 
l e p v J 
where n is the neutral gas particle number density. For each neutral 
particle which is ionized, both a positive ion and an electron are pro-
duced and hence 
n = n + 2n. . (D-24) 
The number density which would exist if there were no ionization, n , 
7 ' po 
is given by 
n = n + n. . (D-25) 
po p I 
The sheath edge ionization percentage which is the ratio of n. to n 
expressed as a percentage is thus given by 
n. n. 
- x 100% = — — x 100% = 2.31 x 10 % ionization . (D-26) 
n n-n. 
po I 
The ion mean free p a t h , \., i s given by 
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X. = 1 (D-27) 
1 /2 n <k 
where Q. is the average collision cross section between the positive 
ions and the neutral particles. Figure 20 shows the argon momentum 
transfer cross section as a function of temperature determined by 
29 
Devoto. For a temperature of 5345°K the collision cross section is 
1 f-\ 9 
1.98 x 10 cm . This cross section, however, is for a Single argon 
atom. For a collision between two argon atoms or an atom and a positive 
ion, the cross section is four times the value shown in Figure 20. The 
average collision cross section is thus 
Q. = 7.92 x 10"16 cm2 (D-28) 
and from Equation (27) the ion mean free path is 
X. = 1.24 x 10"2 cm . (D-29) 
From Appendix C, the sheath thickness equation is 
X, = 
1-a 
+ a + 1 
e 
3TT 
~~Ä X. . 
4 l d  ^ ' CD-30) 
r l - a 1 r- Qp 
1 . 1 9 p - ^ + a + v ^ ( l - a ) ^ + 1 .16a 
1 £ J Qi 
where a, is the ratio of negative ions to positive ions at the sheath 
edge, e is the ratio of the electron temperature to the positive ion 
temperature at the sheath edge, Q is the average collision cross section 
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Figure 20. Argon Momentum Transfer Cross Section 
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cross section between the positive ions and the argon atoms within the 
sheath. In the present example, no negative ions are present in the 
plasma and hence 
a = 0 . (D-31) 
The value of e i s given by 
c 7600°K . . . . r n „ 9 . 
C = 5 3 4 5 T T = l A 2 2 ( D " 3 2 ) 
and s ince the e l e c t r o n s can be t r e a t e d as p a r t i c l e s with n e g l i g i b l e 
c ross s ec t ion the value for Q can be read d i r e c t l y from Figure 20. For 
an e l e c t r o n temperature of 7600°K the value of Q i s 
Q = 2.85 x 1 0 " 1 6 cm2 . (D-33) 
As noted in Appendix C, the value of Q. to be used is the value which 
corresponds to the average ion temperature within the boundary layer. 
This average ion temperature, T. , is equal to 
T. = f \ T. (D-34) 
la / 2 I 
and hence 
T. = 3780°K . (D-35J 
la K J 
Since the collisions are between argon atoms and argon ions, the value 
for Q. is equal to four times the value for the collision cross section 
given in Figure 20 for a temperature equal to T. . For an average 
l a 
temperature of 3780°K, the value of Q. is 
Q. = 5.24 x 10"16 cm2 . (D-36) 
Prom Equation (30) , the sheath thickness is thus given by 
Xd = 3.10 x 10"
2 cm . (D-37) 
To continue the Solution, a value for the free stream Stagnation 
temperature, T , must be assumed. The value assumed is 
T = 9000°K . (D-38) 
Fo r this temperature, the Stagnation values of the density, p~; 
Prandtl number, o; and viscosity, u , are needed. The values for argon 
density as a function of pressure and temperature are given in tabular 
32 
form by Brahinsky and Neel. For a Stagnation temperature of 9000°K 
and a Stagnation pressure of 40 mm. Hg., Brahinsky and Neel give a value 
of 
p2 = 2.77 x 10"
6 gm/cm3 (D-39) 
for the sheath edge density. The value for the Prandtl number, given 
12 
by Talbot, is 
ä = | . (D-40) 
The value for the argon viscosity as a function of temperature has been 
29 30 
determined by Devoto and Bromley and Wilke and their results are 
shown in Figure 21. From Figure 21, the argon viscosity corresponding 
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Figure 21. Argon Viscosity As a Function of Temperature 
}J0 = 2.71 x 1 0
- 5 —%&— 2 cm-sec (D-41) 
The p re s su re g rad ien t parameter , B, i s given by 
TT 2 / P 0 "
 PS (D-42) 
where D i s the e l e c t r o s t a t i c probe diameter given by 
D = 1.905 cm o 
(D-43) 
and p is the free stream static pressure which, for the present 
example, is given by 
p = 31 mm. Hg, (D-44) 
The pressure gradient parameter is thus 
= 1.01 x 105 sec 1 (D-45) 
The sheath edge value for the nondimensional boundary l a y e r 
parameter , n , i s given by 
A 1/2 
n d = 







or for the p r e sen t example 
n, = 1.413 
d 
(D-47) 
The ratio of the sheath edge ion temperature to the free stream Stag-
nation temperature, g(n ), is given by 
iOld) = 0.50 ö
1 / 3 nd (D-48) 
and, for the present example, 
"(nd) = 0.63 . (D-49) 
The free stream Stagnation temperature, T~, is thus given by 
T. 
T = —•- = 8480°K . (D-50) 
g(nd) 
This value for T is less than the assumed value for T thus indicating 
that the initial guess was too high. A lower free stream Stagnation 
temperature is chosen and the above calculations are repeated. This 
process continues until the assumed free stream Stagnation temperature 
and the calculated temperature agree. For the present example, this 
iterative process converged on a value for T„ of 
T2 = 8260°K . (D-51) 
Since the sheath edge ionization percentage is assumed to be 
equal to the free stream ionization percentage, the predicted free 
stream ionization percentage, given by Equation (26), is equal to 
-2 
2.31 x 10 percent. 
For this example, the power input to the plasma torch was 88.4 
kilowatts or 5020 BTU/min and the rate of heat removal by the cooling 
water was 3281 BTU/min for a net power addition to the argon of 1739 
BTU/min. The argon flow r a t e through the plasma torch was 0.625 
kg . -mole /hr and hence the argon Stagnat ion en tha lpy , h , was 
h = 4.22 x 104 ! C " C a l ' 1 . (D-52) 
o kg.-mole 
For this enthalpy and a Stagnation pressure of 40 mm. Hg., Brahinsky 
32 and Neel give a free stream Stagnation temperature of 
T = 7970°K (D-53) 
where the subscript o is used to differentiate the Stagnation tempera-
ture determined by Brahinsky and Neel from the Stagnation temperature, 
T , determined by the electrostatic probe theory. 
The free stream static temperature, Trc, is determined from the 
Stagnation temperature by 
y-1 






where y is the ratio of specific heats for argon. With the value of y 
equal to 1.67 and p and p given by Equations (44) and (20), Equation 
(54) yields 
T = 7200°K . (D-55) 
rb 
For t h i s f ree stream temperature and a s t a t i c p re s su re of 31 mm. Hg. , 
Brahinsky and Neel give a f ree stream i o n i z a t i o n of 0.192 pe rcen t . 
Since the argon plasma i s assumed to be in equ i l ib r ium in the free 
stream and chemical ly frozen within the probe boundary l a y e r , the 
ionization level measured by the electrostatic probe would be expected 
to be equal to this value. 
The heat balance technique thus predicts a free stream Stag-
nation temperature of 7970°K and a free stream ionization of 0.192 per-
cent while the electrostatic probe theory gives a free stream Stagnation 
temperature of 8260°K and, from Equation (26), a free stream ionization 
-2 
of 2.31 x 10 percent. The free stream Stagnation temperature pre-
dicted by the electrostatic probe theory differs from the free stream 
Stagnation temperature predicted by the heat balance by only 3.6 percent 
thus indicating the good agreement between the two methods for determin-
ing the free stream Stagnation temperature. The value for the free 
stream ionization predicted by the probe theory differs from that pre-
dicted by the heat balance by -88 percent. As noted in Chapter VI this 
large error is due to recombination within the boundary layer of the 
electrostatic probe. 
In these calculations, an adjusted value of the floating poten-
tial was used to determine the sheath edge temperature so that the 
sheath thickness which existed when the collecting electrode was at the 
plasma potential could be used in the calculations. To determine if any 
significant error was introduced by this method of calculation, the above 
calculations were repeated using the actual floating potential and the 
sheath thickness which existed at that potential. The results showed a 
predicted free stream Stagnation temperature of 8200°K and a predicted 
_2 
ionization of 2.74 x 10 percent. These results are in good agreement 
with the previous results. 
Data Reduction with Nearly Complete 
Electron Quenching 
Figure 22 shows a typical current-voltage characteristic curve 
for the case in which the electrons have been almost completely absorbed 
by the sulphur hexafluoride additive. The absolute value of the current 
to the collecting electrode is shown so that the magnitudes of the 
Saturation currents may be more easily compared. The negative particle 
Saturation current, which is the sum of the electron and negative ion 
Saturation currents, shows much less Variation in magnitude with probe 
potential than did the electron Saturation current in the previous ex-
ample. This shows the decrease in the rate of growth of the sheath 
thickness with probe potential which occurs as free electrons are re-
moved from the plasma. The equation 
3 = j e + j n + V CD-56) 
where j is the negative ion current to the collecting electrode, is 
used to determine the positive ion and the negative particle currents 
as a function of probe potential. These currents are shown in Figure 23 
The plasma potential is indicated by the sharp changes in slopes of both 
the positive ion current and the negative particle current, j . With 
the electrostatic probe potential greater than the plasma potential, the 
slope of the positive ion current is given by 
d An j. 
sr"= - k?7 • (D-57^ 
In the present example, the slope of the posi t ive ion current i s found 
to be 
10—i 
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Figure 23. Particle Currents for Nearly Complete Electron Absorption 
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d £n j. 
d(J) 
• = -2.006 volts 1 (D-58) 
and hence 
T. = 5780°K . 
1 
(D-59) 
With the electrostatic probe potential less than the plasma potential, 
the slope of the negative particle current is given in Appendix B as 




e (4>-0 ) e((|>-(J) ) 
kT n c" kT 
e n n n 
e + ——— e 
n c" e e 
(D-60) 
where n is the negative ion number density at the sheath edge, c and 
c are the average velocities of the negative ions and electrons respec-
tively at the sheath edge, and T is the negative ion temperature at the 
sheath edge. In general, the momentum transfer rate in collisions be-
tween the negative ions, the positive ions, and neutral particles is 
high enough so that it may be assumed that 
T = T. . 
n l 
CD-61) 
In addition, in each of the present experiments, the electron velocity 





< 1 (D-62) 
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and the electron temperature was sufficiently high compared to the 
negative ion temperature so that 
e(4>-<J> ) e(<j>-(|> ) 
kT kT 
e n < e e (D-63) 
and hence , for probe p o t e n t i a l s such t h a t 
cj) - (J> < -2 v o l t s , (D-64) 
a very good approximation to Equation (60) i s given by 
d ln\j 
e , n ' e 
dcj) kT " 
e 
(D-65) 
In the p re sen t example, the s lope of the nega t ive p a r t i c l e cu r r en t i s 
given by 
d Än| j | 
d ^
, n = 0.41 v o l t s (D-66) 
and hence 
T = 28,300°K . (D-67) 
The v a l i d i t y of Equation (65) can be demonstrated by no t ing t h a t , for a 
value of 
b = -2 v o l t s , (D-68) 









and hence the term involving the negative ion temperature can be dropped 
from Equation (60) with little loss in accuracy. 
At the plasma potential, the positive ion Saturation current is 
given by 
j. = 0.72 ma. (D-70) 
Jis J 
and hence, from Equation (18), the positive ion number density is 
n. = 5.67 x 1012 i ^ - . (D-71) 
l 3 J 
cm 
The Stagnation pressure at the probe surface is given by 
p = 31.6 mm. Hg. (D-72) 
and from Equation (21) the total particle number density at the sheath 
edge is 
n = 5.28 x 1016 cm"3 . (D-73) 
From Equation (26), the ionization percentage is given by 
n 
x 100% = 1.07 x 10~"% ionization . (D-74) 
• 9 
*• ^ I A H 0 / - i r>T ^ Tri~^o, 
n-n. 
1 
The p o s i t i v e ion raean free p a t h , determined from Equation (27) 
with 
Q. = 8.60 x 1 0 " 1 6 cm2 , (D-75) 
i s equal to 
Ä. = 1.56 x 10"2 ' cm . (D-76) 
The sheath th ickness i s given by Equation (30) . For t h i s example, the 
value of a in Equation (30) i s so c lose to one t h a t the equat ion can be 
s imp l i f i ed to 
V O S T » : (D-") 
and hence 
Xd = 3.13 x 10"
2 cm . (D-78) 
As in the previous example, a value for the free stream Stag-
nation temperature is assumed. The value assumed is 
T2 = 8600°K . (D-79) 
From Brahinsky and Neel, the density at the sheath edge is 
P2 = 2.31 x 10"
6 Ä - (D-80) 
cm 
and from Figure (21) the viscosity is found to be 
ji = 2.64 x 10"3 —SB— . (D-81) 
M 2 cm-sec 
The free stream s t a t i c p r e s su re in t h i s example i s 
p = 19.8 mm. Hg. (D-82) 
and hence from Equation (42) the p r e s su re g rad ien t parameter i s 
3" = 1.223 x 105 s e c " 1 . (D-83) 
From Equation (46) , the nondimensional boundary l aye r parameter i s 
n d = 1.431 (D-84) 
and from Equation (48) 
g(n d) = 0.638 . (D-85) 
The free stream Stagnation temperature is thus 
T. 
T = _ X = 9070°K . (D-86) 
g(nd) 
This value of T is higher than the assumed value for T? indi-
cating that the initial guess was too low. A higher value for the free 
stream Stagnation temperature is chosen and the above calculations are 
repeated. For this example, the iteration process converged on a value 
of 
T = 9250°K . (D-87) 
The Stagnat ion enthalpy for t h i s example was 
h = 5.16 x 104 1
k " C a l ' 1 (D-88) 
o kg.-mole 
and from Brahinsky and Neel this yields a value of 
T = 8650°K (D-89) 
o 
for the free stream Stagnation temperature and a value of 0.24 percent 
for the free stream ionization. The free stream Stagnation temperature 
predicted by the electrostatic probe theory thus differs from that which 
was predicted by the heat balance technique by 6.9 percent while the 
free stream ionization predicted by the electrostatic probe theory 
differs from the free stream ionization predicted by the heat balance 
technique by -96 percent. Again, this large error is due to recombi-
nation within the electrostatic probe boundary layer. 
Data Reduction with Partial 
Electron Quenching 
Figure 24 shows a typical current-voltage characteristic curve 
for the case in which a fraction of the electrons have been absorbed 
by the sulphur hexafluoride additive. As in the previous examples, the 
absolute value of the current to the collecting electrode is shown in 
the figure. Equation (56) is used to determine the positive ion and 
negative particle currents. These currents are shown in Figure 25. The 
plasma potential is indicated by the sharp change in the slope of the 
negative particle current as it was in the first example. The electron 
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Figure 25. Particle Currents for Partial Electron Absorption 
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kT = 1.13 v o l t s 
(D-90) 
and hence 
T = 10,280°K 
e 
(D-91) 
From Figure 25, i t can be seen t h a t the plasma p o t e n t i a l i s 
d) = 3.52 v o l t s . 
P 
(D-92) 
The va lue for cb i s chosen in the same manner as i t was in the f i r s t r o 
example and from Figure 25 i s found t o be 
= -0 .63 v o l t s (D-93) 
and hence the f l o a t i n g p o t e n t i a l i s 
cbf = -4 .15 v o l t s (D-94) 
From Appendix B, the r e l a t i o n s h i p between the f l o a t i n g p o t e n t i a l , t he 
charged p a r t i c l e number d e n s i t i e s , and the charged p a r t i c l e tempera-
t u r e s of the sheath edge i s given by 
kT 
f e £n 
e<|> 
n . c . n c kT 
l I n n n 
n c n c 
e e e e 
(D-95) 
In general, the second term in the brackets is small compared to the 















0.0092 . (D-97) 
Since the objec t of the p a r t i a l e l e c t r o n quenching experiments 
was to determine the e f f e c t i v e n e s s of sulphur hexaf luor ide as an e l e c t r o -
p h i l i c Compound, the r a t i o of n. to n in Equation (97) i s an unknown and 
thus the sheath edge p o s i t i v e ion temperature cannot be determined d i r e c t l y 
from the c u r r e n t - v o l t a g e c h a r a c t e r i s t i c as was the case in t he previous 
two examples. The iterative technique which follows is used to solve 
for the ratio of n to n.. 
e l 
For this example, the heat balance gives a Stagnation enthalpy 
of 
h = 5.03 x 104 !C"cal'1 o kg.-mole 
(D-98) 
and the Stagnation and free stream static pressures are 25.3 mm. Hg. 
and 19.8 mm. Hg. respectively. From Brahinsky and Neel, these parameters 
yield a free stream Stagnation temperature and density of 




p = 1.86 x 10"6 gm/cm3 (D-100) 
respectively. The value of the Prandtl number is 
a = | (D-101) 
and from Figure 21 the argon v i s c o s i t y i s 
u0 = 2.63 x 10"
5 —SB— . (D-102) 
2 cm-sec 
The pressure gradient parameter, given by Equation (4 2) , is thus 
F = 9.33 x 104 sec"1 (D-103) 
and the nondimensional boundary l aye r parameter , given by Equation (46) , 
i s 
(AJ1^ 
Hd = TT (D-104) 
0.140 cm2 
where the p o s i t i v e ion mean f ree path a t the plasma shea th edge, X,, 
has to be determined. 
The r a t i o of the plasma shea th edge number d e n s i t i e s of the 
e l e c t r o n s to the p o s i t i v e ions i s assumed to be 
n 
— = 0.233 (D-105) 
i 
and hence from Equation (97) 
c. 
^- = 2.14 x 10" 5 (D-106) 
c 
e 
and from Equation (12) 
T. = 3440°K . (D-107) 
From Equation (21), the sheath edge total particle number density be-
comes 
n = 7.12 x 1016 cm"3 (D-108) 
and from Equation (27) the p o s i t i v e ion mean f ree path becomes 
X. = 2.12 x 10"2 cm (D-109) 
where the value of Q., determined from Figure 20, is 
Q^ = 4.68 x 10"16 cm2 . (D-110) 
The plasma sheath thickness, given by Equation (30), where for the 
present iteration 
n 
et = 1 - — = 0.767 , (D-lll) 
n. ' K J 
l 
T 
e = ~- = 2.99 , (D-112) 
i 
Q = 3.89 x 10"16 cm2 , (D-113) 
and 
Q. = 3.16 x 10"16 cm2 , (D-114) 
is found to be 
X. = 4.006 x 10~2 cm . (D-115) 
d 
Equation (104) thus y i e l d s 
n d = 1.433 , (D-116) 
Equation (48) yields 
g(Hd) = 0.639 (D-117) 
and Equation (50) gives 
T2 = 5380°K . (D-118) 
This value for T? is lower than the value given by the heat balance 
and thus the assumed value of n /n. is also too low. A higher value for 
n /n. is assumed and the above calculations are repeated. The process is 
continued until the calculated free stream Stagnation temperature and 
the temperature predicted by the heat balance agree. For the present 
example, this iterative process converged on a value of 
n 
— = 0.291 (D-119) 
i 
for which 
Tt = 5400°K (D-120) 
and 
n = 4.54 x 1016 cm"3 . (D-121) 
At the plasma potential, the positive ion Saturation current is 
j. = 1.03 ma. (D-122) 
and thus from Equation (18} 
n. = 8.37 x 1012 cm 3 (D-123) 
and the ionization percentage at the sheath edge is given by 
n. 
— — x 100% = 0.019% ionization . (D-124) 
n-n. v J 
l 
The nuraber dens i ty of the su lphur hexaf luor ide molecules a t the sheath 
edge, nQC , i s given by 
b b 6 
SF flow r a t e 
n c c = n — ^ — (D-125) 
SF argon flow r a t e 
where the argon flow r a t e i s the r a t e a t which argon i s supp l ied to the 
plasma to rch and the su lphur hexa f luo r ide flow r a t e i s the r a t e a t which 
sulphur hexa f luo r ide i s added to the argon plasma. For the p re sen t 
example, the su lphur hexaf luor ide flow r a t e was 0.134 Standard cubic 
fee t pe r hour (scfh) and the argon flow r a t e was 222 scfh ,hence 
n c r = 2.73 x 1 0
1 3 cm"3 (D-126) 
S F 6 
and the ratio at the plasma sheath edge of the sulphur hexafluoride 
number density to the positive ion number density is 
nSF 
= 3.26 . (D-127) 
n. ^ J 
l 
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where c is the average speed of the electrons and t is the absorption 
time. The average speed of the electrons is given by 




An assumption in the derivation of Equation (128) is that most of the 
electron absorption occurs within the electrostatic probe boundary layer, 
The appropriate value for t, then, is the time of passage from the edge 
of the boundary layer to the probe surface. In Chapter II this time of 
passage is given by 
t = 
1.05 (D-130) 
— 4 - 1 
and since, in this example, 3 is equal to 9.33 x 10 sec the value of 
t is 
t = 1.13 x 10"5 sec . (D-131) 
For reasons presented in Chapter VI, the free stream static temperature 
rather than the electron temperature measured by the electrostatic probe 
is used in Equation (129). In this example, the heat balance technique 
gave a f ree stream s t a t i c temperature of 7740°K and hence 
c" = 4.85 x 107 cm/sec . (D-132) 
Brahinsky and Neel give an equilibrium free stream ionization percent-
age of 0.60 percent. Thus, if no recombination occurred within the 
probe boundary layer, the positive ion number density at the sheath 
edge would be 
n. = 2.72 x 1014 cm"5 . (D-133) 
10 
The initial electron number density is given by 
n = n. - ncr = 2.45 x 10
14 cm"3 (D-134) 
eo 10 SF. v J 
D 
s i n c e , as noted in Chapter VI, the su lphur hexaf luor ide i s assumed to 
have become very n e a r l y completely ion ized by the time i t reaches the 
l oca t i on of the e l e c t r o s t a t i c p robe . Equation (128) thus gives a va lue 
of 
ö = 1.602 x 10" 1 6 cm2 (D-135) 
for the electron attachment coefficient of sulphur hexafluoride at the 
test conditions of this example. 
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APPENDIX E 
COMPILATION OF DATA 
The results of the experimental investigation were presented in 
Chapter VI. These results are presented in more detail in this appendix. 
The results of the experimental evaluation of the electrostatic probe 
theory for the case in which no negative ions are present in the plasma 
are presented in Table 2. Similarly, the results of the experimental 
evaluation for the case in which nearly complete electron quenching 
occurs are presented in Table 3. 
The results of the experimental evaluation of sulphur hexafluoride 
as an electrophilic additive are shown in Table 4. In Table 4, n. is 
the positive ion number density at the plasma sheath edge, n /n. is the 
ratio, at the sheath edge, of the electron to the positive ion number 
density, and nct? /n. is the ratio, at the plasma sheath edge, of the 
or , 1 
D 
sulphur hexafluoride number density to the positive ion number density. 
The data for the calculations of the argon recombination coeffi-
cient are presented in Table 5. As noted in Chapter VI, the recombi-
nation coefficient, a , is given by 
n.0 - n. 
a = T — (E-l) 
r n.n.„t v J 
I i2 
where n.~ is the initial number density of the argon ions, and t is the 
recombination time. The values for n._ and n. are determined from the 
i2 I 
total particle number density, found in Table 5, by Converting the free 
Table 2. Experimental Resul ts for No Elec t ron Quenching 
Heat Ba lance R e s u l t s E l e c t r o s t a t i c Probe Measurements 
S t a g n a t i o n C o n d i t i o n s F ree S t r eam S t a t i c C o n d i t i o n s 
S t a g n a t i o n E l e c t r o n 
Tempera- Tempera- I o n i z a - Tempera- I o n i z a - Tempera-
E n t h a l p y P r e s s u r e t u r e P r e s s u r e t u r e t i o n t u r e t i o n t u r e 
k - c a l . 
k g . - m o l e mm. Hg. °K mm. Hg. °K P e r c e n t °K P e r c e n t °K 
3.86 x 1 0 4 2 5 . 7 7480 1 9 . 8 6740 0 .093 6700 0 .031 6900 
4 . 2 2 x 10 4 4 0 . 0 7970 31 .0 7200 0 .192 8260 0 .023 7600 
4 .46 x 10 4 29 .2 8015 14 .9 6120 0 .024 6800 0.046 12300 
4 . 9 5 x 1 0 4 4 7 . 7 8630 4 0 . 7 8100 0 . 8 1 8600 0 .018 7800 
5 .21 x 10 4 3 2 . 1 8740 14.9 6440 0 .054 7200 0 .121 10580 
6 . 0 3 x 1 0 4 4 2 . 4 9200 27 .7 7760 0 .492 8970 0 .055 8050 
9 .04 x 10 4 5 5 . 3 10100 44 .4 9250 3.26 11650 0 .061 10710 
oo 
• t ^ 
Table 3. Experimental Resul ts for Nearly Complete Elec t ron Quenching 
Heat Balance R e s u l t s E l e c t r o s t a t i c P robe Measurements 
S t a g n a t i o n C o n d i t i o n s Free S t ream S t a t i c C o n d i t i o n s 
S t a g n a t i o n 
Tempera-
E l e c t r o n 
Tempera-Tempera- Tempera- I o n i z a - I o n i z a -
E n t h a l p y P r e s s u r e t u r e P r e s s u r e t u r e t i o n t u r e t i o n t u r e 
k - c a l . 
k g . - r a o l e mm. Hg. °K mm. Hg. °K P e r c e n t °K P e r c e n t °K 
3.99 x 1 0 4 28 .6 7650 20 .0 6630 0 . 0 7 3 7200 0 . 0 1 3 18 ,620 
4 . 3 1 x 10 4 4 0 . 0 8060 32.0 7370 0 . 2 6 3 9400 0 .014 10 ,590 
5 .16 x 10 4 31 .6 8650 19 .8 7200 0 .24 9250 0 .011 28 ,300 
5 . 3 3 x 10 4 4 7 . 7 8860 40 .9 8330 1.14 9060 0 .0038 40 ,850 
5 . 5 1 x 10 4 53 .0 9010 4 1 . 3 8154 0 . 8 6 8 8800 0 .0017 23 ,290 
5 .65 x 10 4 40 .2 9010 29 .6 7980 0 .795 11150 0 .0048 15 ,200 
5.74 x 10 4 4 5 . 6 9090 30 .3 7720 0 .504 9250 0 .0082 40 ,000 
6 .02 x 1 0 4 4 2 . 0 9195 32 .3 8350 1.32 9180 0 .0031 20 ,900 
6 . 5 4 x 10 4 4 3 . 7 9400 28.4 7910 0 .714 8200 0 .021 26 ,700 
6 .60 x 10 4 4 2 . 7 9433 29.2 8100 0 . 9 5 1 9050 0 .058 33 ,600 
7 .56 x 1 0 4 4 6 . 6 9771 29.9 8190 1.08 12100 0 .107 21 ,500 
8.76 x 10 4 5 5 . 3 10150 44 .6 9320 3 .63 11200 0 .035 28 ,200 
Table 4. Experimental Results for the Sulphur Hexafluoride Additive 
Heat Bs l ance Re ; u l t s E l e c t r o s t a t i c P robe Measurements 
S t a g n a t i o n C o n d i t i o n s Free S t ream S t a t i c C o n d i t i o n s 
I o n i z a -
t i o n 
E l e c t r o n 
Tempera-







n c c 
E n t h a l p y P r e s s u r e 
Tempera-
t u r e P r e s s u r e 
Tempera-
t u r e 
I o n i z a -
t i o n 
S F 6 
n . 
l 
k - c a l . 
k g . - m o l e mm. Hg. °K mm. Hg. °K P e r c e n t P e r c e n t °K /
 3 
l o n s / c m 
3 .98 x 1 0 4 2 4 . 8 7600 19.6 6950 0 .14 0 .017 12,180 
12 
8 .23 x 10 0 .265 3.10 
3 .99 x 1 0 4 * 28 .6 7650 20.0 6630 0 .07 0 .013 18,620 7 .47 x 1 0 1 2 0 .011 8.34 
4 . 1 3 x 1 0 4 24 .6 7800 19.8 7300 0 .30 0 .021 16,500 1.00 x 1 0 1 3 0.052 3 .91 
4 . 2 0 x 1 0 4 24 .6 7860 19.8 7350 0 . 3 3 0 .021 12,340 1.00 x 1 0 1 3 0 .135 3 .27 
4 . 4 0 x 1 0 4 2 4 . 8 7950 19.6 7250 0 .27 0 .011 17,450 5 .40 x 1 0 1 2 0 .030 9 . 1 1 
4 .79 x 1 0 4 2 5 . 1 8400 19.8 7650 0 .54 0 .036 18,100 1.63 x 1 0 1 3 0.074 2 .07 
4 . 8 4 x 1 0 4 28 .6 8440 20.2 7340 0 .31 0 .067 8,080 3.18 x 1 0 1 3 0 .625 1.08 
5 . 0 3 x 10 4 2 5 . 3 8540 19 .8 7740 0 .60 0 .019 10,280 8.37 x 1 0 1 2 0 .291 3 .26 
5 .10 x 1 0 4 2 5 . 1 8540 19 .5 7740 0 .60 0 . 0 2 3 19,550 1.03 x 1 0 1 3 0 .023 4 . 8 4 
5.16 x 1 0 4 * 31 .6 8650 19.8 7200 0 .24 0 .011 28 ,300 5 .67 x 1 0 1 2 0 .0015 12.02 
5 .38 x 1 0 4 3 0 . 8 8790 20.2 7420 0 .36 0 .042 11 ,430 2 .21 x 1 0 1 3 0 .409 3.62 
5 .54 x 1 0 4 2 5 . 7 8850 19 .6 7800 0 .70 0 .070 12,920 3 .16 x 1 0 1 3 0 . 0 8 3 0 .961 
5 .55 x 10 4 5 2 . 7 9030 4 4 . 8 8460 1.28 0 .0028 8,150 3 .10 x 1 0 1 2 0 .316 1 5 . 3 
5 .60 x 10 4 52 .7 9030 4 4 . 8 8460 1.28 0 .0029 8,030 3 .30 x 1 0 1 2 0.110 19.7 
5 . 7 3 x 10 4 26 .2 8950 19 .8 8000 0 . 9 8 0 .039 11,050 1.74 x 1 0 1 3 0.302 1.89 
5 .81 x 1 0 4 24.6 8950 19 .5 8150 1.00 0 .096 19,240 4 .07 x 1 0 1 3 0.054 1.09 
5 .88 x 10 4 53.0 9200 4 1 . 5 8360 1.04 0 .023 6 ,680 2 .22 x 1 0 1 3 0.825 1.77 
5 .92 x 10 4 4 0 . 5 9133 29 .9 8100 0 . 9 3 0 .011 9 ,570 7 .87 x 1 0
1 2 0.270 7 .93 
6 .12 x 10 4 52 .0 9300 44 .6 8750 1.97 0 .018 12,050 1.37 x 1 0 1 3 0 . 6 6 1 1.99 
6 .14 x 1 0 4 30 .5 9140 20 .0 7720 0 .62 0 .052 7,600 2 .56 x 1 0 1 3 0 .350 1.70 
*Taken from nearly complete electron quenching results CO 
CN 
187 





Shea th Edge Conditions 
Pressure Electron nSF Recombi-
Total Particle Gradient Tempera- nation 
Temperature Ionization Ionization Number Density Parameter ture i Coefficient 
°K Percent Percent -3 cm -1 sec °K 
3/ cm /sec 
6740 0.093 0.031 4.75 x 10 1 6 8.36 x 104 6,900 0.0 3.60 x 10~9 
7200 0 192 0.023 7.20 x 10 1 6 9.54 x 104 7,600 0.0 4.84 x 10"9 
8100 0.81 0.018 9.61 x 10 1 6 7.69 x 104 7,800 0.0 4.12 x 10"9 
7760 0.492 0.055 7.01 x 10 1 6 1.22 x 105 8,050 0.0 2.72 x 10"9 
9250 3.26 0.061 8.82 x 1016 1.24 x 105 10,710 0.0 2.14 x 10~9 
6950 0.14 0.017 4.94 x 10 1 6 8.51 x 104 12,180 3.10 8.49 x 10"9 
6630 0.073 0.013 5.67 x 1016 9.49 x 104 18,620 8.34 10.05 x 10"9 
7300 0.30 0.021 4.79 x 1016 8.46 x 104 16,500 3.91 7.46 x 10"9 
7350 0.33 0.021 4.76 x 10 1 6 8.46 x 104 12,340 3.27 
-9 
7.48 x 10 
7250 0.27 0.011 .4.77 x 1016 8.74 x 104 17,450 9.11 15.22 x 10"9 
7650 0.54 0.036 4.57 x 1016 9.11 x 104 18,100 2.07 4.92 x 10"9 
7340 0.31 0.067 4.77 x 10 1 6 1.07 x 105 8,080 1.08 2.50 x 10"9 
7740 0.60 0.019 4.54 x 1016 9.33 x 104 10,280 3.26 9.98 x 10"9 
7740 0.60 0.023 4.55 x 10 1 6 9.50 x 104 19,550 4.84 8.30 x 10-9 
7200 0.24 0.011 5.28 x 10 1 6 1.28 x 105 21,324 12.02 24.6 x 10 - 9 
7420 0.36 0.042 5.32 x 10 1 6 1.20 x 105 11,430 3.62 4.51 x 10-9 
7800 0.70 0.070 4.53 x 1016 9.96 x 104 12,920 0.96 2.70 x 10"9 
8460 1.28 0.0028 11.08 x 10 1 6 8.00 x 104 8,150 15.3 22.87 x 10~9 
8460 1.28 0.0029 11.40 x 10 1 6 8.00 x 104 8,030 19.7 22.19 x 10"9 
8000 0.98 0.039 4.51 x 10 1 6 1.02 x 105 11,050 1.89 5.33 x 10~9 
8150 1.00 0.096 4.26 x 10 1 6 9.15 x 104 19,240 1.09 1.93 x 10"9 
8360 1.04 0.023 9.71 x 10 1 6 9.75 x 104 6,680 1.77 4.06 x 10~9 
8100 0.93 0.011 7.34 x 1016 9.80 x 10 9,570 7.93 11.46 x 1(T9 
8750 1.97 0.018 11.60 x 10 1 6 7.95 x 104 12,050 1.99 3.59 x 10"9 
7720 0.62 0.052 4.95 x 10 1 6 1.23 x 105 7,600 1.70 4.09 x 10~9 
7370 0.263 0.014 7.45 x 10 1 6 9.79 x 104 10,590 __ 5.22 x 10"9 
8330 1.14 0.0038 9.98 x 10 1 6 7.76 x 104 40,850 82.3 19.38 x 10"9 
8154 0.87 0.0017 11.05 x 1016 9.67 x 104 23,290 269.0 48.66 x 10"9 
7980 0.80 0.0048 6.42 x 10 1 6 1.28 x 105 15,200 30.5 37.68 x 10"9 
7720 0.50 0.0082 8.45 x 10 1 6 1.21 x 105 40,000 __ 16.82 x 10"9 
8350 1.32 0.0031 8.00 x 1016 1.01 x 105 20,900 __ 40.04 x 10"9 
7910 0.71 0.021 8.65 x 10 1 6 1.15 x 105 26,700 4.63 5.88 x 10"9 
8100 0.95 0.058 8.12 x 10 1 6 1.16 x 105 33,600 2.27 2.20 x 10"9 
8190 1.08 0.11 6.90 x 10 1 6 1.55 x 105 21,500 3.24 1.78 x 10"9 
9320 3.63 0.035 9.86 x 10 1 6 1.15 x 105 28,200 7.41 31.30 x 10"9 
stream static and the sheath edge ionizations respectively into 
particle number densities. The recombination time is given by 
t = h^L (E-2) 
where (3 is the pressure gradient parameter in Table 5. The ratio, at 
the plasma sheath edge, of the sulphur hexafluoride number density to 
the positive ion number density is included in Table 5 to illustrate 
the effect of sulphur hexafluoride on the recombination coefficient. 
This ratio could not be calculated for three data points due to an error 
in determining the sulphur hexafluoride flow rates at these points. 
The data for the calculations of the sulphur hexafluoride electron 
capture cross section, o* , are presented in Table 6. The equation used 
bh6 
to calculate the electron capture cross section is given in Chapter VI 
as 
n nSF, 
e + 6 
1 n. n. 
a = £n — (E-3) 
SF, ncr, n n.
 K J 
6 SF. _e_ 10 
c n. t n. n~~ 
e n. l l eo 
where c is the average speed of the electrons given by 
c = 5.93 x 107 / TT-^HT — (E-41 
e / 11,600 K sec v J 
and t is the electron capture time which is given by Equation (2). In 
Equation (4), T is the average electron temperature; however, for 
reasons presented in Chapter VI, the free stream static temperature, T , 






























6950 12,180 8.51 X 10 8.23 X 10" 0.265 3.10 1.604 1.437 x 10' 
7300 16,500 8.46 X io4 1.00 X io13 0.052 3.91 1.377 1.746 x 10' 
7350 12,340 8.46 X io4 1.00 X io13 0.135 3.27 1.263 1.560 x 10' 
7250 17,450 8.74 X io4 5.40 X io12 0.030 9.11 1.590 1.899 x 10" 
7650 18,100 9.11 X io4 1.63 X io 1 3 0.074 2.07 1.160 1.722 x 10' 
7340 8,080 1.07 X io5 3.18 X io13 0.625 1.08 1.239 0.497 x 10' 
7740 10,280 9.33 X io4 8.37 X io12 0.291 3.26 1.115 1.602 x 10' 
7740 19,550 9.50 X io4 1.03 X io13 0.023 4.84 1.227 1.932 x 10 
7420 11,430 1.20 X io5 2.21 X io13 0.409 3.62 1.731 0.521 x 10 
7800 12,920 9.96 X io4 3.16 X io 1 3 0.083 0.96 1.106 1.568 x 10 
8460 8,150 8.00 X io4 3.10 X io12 0.316 15.3 1.037 1.228 x 10 
8460 8,030 8.00 X io4 3.30 X io12 0.110 19.7 1.048 1.193 x 10 
8000 11,050 1.02 X io5 1.74 X io13 0.302 1.89 1.081 1.143 x 10 
8150 19,240 9.15 X io4 4.07 X io 1 3 0.054 1.09 1.117 1.161 x 10 
8360 6,680 9.75 X io4 2.22 X io 1 3 0.825 1.77 1.041 0.513 x 10 
8100 9,570 9.80 X io4 7.87 X io 1 2 0.270 7.93 1.103 1.002 x 10 
8750 12,050 7.95 X io4 1.37 X io 1 3 0.661 1.99 1.019 0.733 x 10 





















i s used in Equation (4) r a t h e r than T . Thus in Equation (3) the value 
for c i s given by 
7 / T  
c = 5.93 x 1(T / - — J L _ -^L . (E-5) 
e 11,600 K sec 
The results of the experimental evaluation of uranium hexa-
fluoride as an electrophilic additive are presented in Table 7. In 
order to make the calculations for the electrostatic probe measurements 
it was necessary to assume the positive ion temperature at the plasma 
sheath edge for some of the data points. These data points are those 
for which the ratio, at the sheath edge, of the uranium hexafluoride 
number density to the positive ion number density vary between 3.4 x 10 
and 0.522. The argon ionization data tabulated by Brahinsky and Neel do 
not give ionization levels which are less than 10 percent, and hence 
the ionization percentages for the data in which the free stream static 
temperature was less than 5,000°K were not determined. 
Table 7. Experimental Results for the Uranium Hexafluoride Additive 
Heat Balance Results 
r - - - - - - - - -
Electrostatic Probe Measurements 
Stagnation Conditions Free Stream Static Conditions 












kg.-mole mm. Hg. °K mm. Hg. °K Percent Percent °K /
 3 
lons/cm 
2.73 x 104 
2.28 x 104 
1.63 x 104 
2.19 x 104 
2.19 x 104 































5.52 x 10~3 
6.30 x 10"3 
4.34 x 10"3 
3.58 x 10"3 
4.96 x 10~3 







9.27 x 1012 
10.97 x 10 1 2 
12 
7.55 x 10 
3.04 x 10 1 2 
12 
2.32 x 10 
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